L mumos'mg, '
“‘nu ERIOQ

e “?"
lllmu mt

e i Shakmg Table Model of a Concrete Gravity S

Dam for Computer Code Validation -
. Monohthic Model

U S Department of the Interlor
. " Bureau of Reclamation
Structural Analysls__

o September1999"_:§f




R J—

i
i
¢
)
i
H
i
i

R el

Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188
Public reporting burden for this collsction of inf: ion ls estimated 1o average 1 nomp-mponu mmmmmmw“wm-mdmm
and maintaining the data ded, and pleting and 9 the of inf 9 g this burden esstimote Or any other aspect of this collection of
information, Including suggestions for reducing this loW-hhslnandqummsmr te for k Operations and Reports, 1215 Jeiferson Davis Highway.,
| Sult 1204, Ardington VA 22202-4302 and !othc Office of Managerment and Bun Paperwork Reduction R 0704-0188), Washi DC 20503,
1. AGENCY USE ONLY (Leave Blank} 2. REPORT DATE . | 3. REPORT TYPE AND DATES COVERED
: Scptembcr 1999 Final
4. TITLE AND SUBTITLE * | 5. FUNDING NUMBERS
Shaking Table Model of a Concrete Gravity Dam for Computcr Code Validation
Monolithic Model
6. AUTHOR(S)
Terry Payne - :
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESSIES) : 8. PERFORMING ORGANIZATION
Structural Analysis ‘ . REPORT NUMBER
Burean of Reclamation .
P.O. Box 25007 D50-98-11
Denver, CO 80225
9, SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES} . - 10. SPONSORING/MONITORING
Burcau of Reclamation ' " AGENCY REPORT NUMBER
Dam Safety Office
Denver, Colorado
11. SUPPLEMENTARY NOTES
12a. DISTRIBUTION/AVAILABILITY STATEMENT o 12b. DISTRIBUTION CODE
Unlimited

13. ABSTRACT /Maximum 200 words)

hazard that uncontroiled release of the reservoir poses to the population downstream of the dam. The current practice for the evaluation

1 of the dynamic response of concrete dams at the U.S. Bureau of Reclamation is to initially preform a linear elastic finite element

analysis of the structure under static loads plus the maximum credible earthquake predicted to occur at the site. If the response of the
structure indicates that significant cracking damage would occur based on high tensile stress results, then non-linear analyses would
be completed.In recent years a number of finite element programs have become available to structural engineers which provide the
capability of modeling vertical contraction joint opening and concrete cracking which may occur in concrete arch dams during a seismic
event. The Bureau of Reclamation has recently purchased the ABAQUS finite element program which is capable of performing non-
linear cracking analyses. The ABAQUS program includes a brittle cracking material model for concrete. This is a fairly complex
analytical tool and engineers in Reclamation’s structural anatysis group need to develop expertise in performing and understanding
non-linear modeling and analysis techniques. A set of calibration models would provide a valuable data set for those performing the

. | numerical studies to assure that known results.can be obtained. Structural engincers and material engineers need to work closely to

develop new standards for material testing so that the appropriate material properties are available for these analyses. Therefore a
shaking table test of a 1/50 scale cantilever monolith of Koyna Dam was built at Reclamation’s Material Testing Laboratory for use
in calibrating linear-elastic and non-linear material properties, as well as to provide a means of evaluating the effect of various analysis
parameters available in the ABAQUS program. Two models were tested, a model with a natural but preexlstmg crack and a monolithic
model.

The ultimate goal of the shaking table test program was to develop a correlation between the matcrial testing program and material
elastic material properties needed to be calibrated and the effects of various analysis parameters needed to be understood. These

requirements were accomplished through comparisons of analytical results with laboratory measurements. This report is concerned
primarily with these preliminary studies, although some non-linear analysis results are also prcsented

Safety of dams under earthquake loading has always been a major concern in seismically active regions because of the high potentml .

property requirements for the non-linear numerical concrete cracking model. Butbefore this goal can be accomplished the basic lincar

14. SUBJECT TERMS S _ _ . | 15. NumBER OF PAGES
18. PRICE CODE
. {17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACY
{ " OF REPORT OF THIS PAGE OF ABSTRACT _: _
NSN 7540-01-280-5500 : : T . Standard Porm 298 (Rev, 2-89)

Prescribed by ANSI S1d. 239-18
296-102




Shaking Table Model of a Concrete Gravity Dam for Computer Code Validation
Monolithic Model
DSO-98-11

by
Terry Payne

U.S. Department of Interior
Bureau of Reclamation
Dam Safety Office

Denver, Colorado

September 1999

6oy s SRR il

UNITED STATES DEPARTMENT OF THE INTERIOR BUREAU OF RECLAMATION



TECHNICAL SERVICE CENTER

Denver, (Colorado

Report No. DS0-98-011

Shaking Table Model of a Concrete Gravity Dam
for Computer Code Validation
Monolithic Model

Prepared by
Terry Payne

U.S. Department of the Interior
Bureau of Reclamation

September 23, 19589



101

IV

Vi1

INTRODUCTION .. . ittt iiietie e iaattasansnsanasananssacnanss 1
LOW STRENGTH MATERIAL DESIGN ANDTESTING .. ..........cvvn.... 1
IL1  Similitude Requirements ............... ... ..o ittt 1
IL.2 Concrete Mix Design ....... et ieeesaea e et 3
I1.3 Laboratory Material Property TestResults ........................... 4
LABORATORY SHAKE TEST SET-UP AND PROCEDURE ................. 5
IIL1] Model Geometry . ....... ..ottt instnrnrnresenronnnnanss 5
0 O - T e 5
III3 BoundaryConditions ...............ccoiiiiiiiiiiii it iiiiiiareranes 6
IIL4 Imstrumentation ..............c.cccimuniinienniinnarennrnneonnannnns 6
LABORATORY SHAKE TESTRESULTS ...ttt iiinirennranns 7
IV.1 Modal Characteristics Determined From Laboratory Measurements . . .. .. 7
IV.2 Damping Characteristics . .......... ...ttt 8
IV.3 Measured Acceleration and Displacement Time Histories ............... 9
IV4 FinalFaflureMode ......... ...ttt iiiiaeetannens 9
ABAQUS LINEAR-ELASTIC FINITE ELEMENT ANALYSES ............... 9
V.1  FiniteElementModels .............cciiiiiiiiiiiiiiiiriiirrrenenns 10
V.2 Boundary Conditions Used For The Finite Element Analyses
............................................................... 12
B 7 T 7 T T U O 12
V.4 Linear Elastic Material PropertyMeodel .................. ... .oat, 12
V.5 OutputLocations ............cciiiiiii ittt iiiiiiieiannans 13
SUMMARY AND CONCLUSIONS FOR INDIVIDUAL LINEAR ELASTIC
SENSITIVITY STUDIES ...... .. ciiiitiititintiirusoncsosnsnnteanesnns 13
V1.1 Sensitivity of Results to the Number of Modes Extracted in Frequency Analysis
............................................................... 13

V1.2 Sensitivity of Modal Dynamic Results to Variation in Mesh Definition. ... 14
V1.3 Sensitivity of Results to Variations in Linear-Elastic Material Properties

............................................................... 18
V1.4 Variation in the Amount of Damping Included in Modal Dynamic Analyses
R 21
VLS Variation in Selection of Damping Method in Modal Dynamic Analyses
............................................................... 22
VL6 Sensitivity of Results to Variation Analysis Time Increment
............................................................... 24
V17 Comparison of Modal, Implicit and Explicit Dynamic Analyses Procedures
............................................................... 26
NON-LINEARANALYSES ...t 27



I INTRODUCTION

Safety of dams under earthquake loading has always been a major concern in seismically
active regions because of the high potential hazard that uncontrolled release of the reservoir
poses to the population downstream of the dam. The current practice for the evaluation of the
dynamic response of concrete dams at the U.S. Bureau of Reclamation is to initially preform a
linear elastic finite element analysis of the structure under static loads plus the maximum credible
earthquake predicted to occur at the site. If the response of the structure indicates that significant
cracking damage would occur based on high tensile stress results, then non-linear analyses would
be completed. In recent years a number of finite element programs have become available to
structural engineers which provide the capability of modeling vertical contraction joint opening
and concrete cracking which may occur in concrete arch dams during a seismic event. The
Bureau of Reclamation has recently purchased the ABAQUS finite element program which is
capable of performing non-linear cracking analyses. The ABAQUS program includes a brittle
‘cracking material model for concrete. This is a fairly complex analytical tool and engineers in
Reclamation’s structural analysis group need to develop expertise in performing and
understanding non-linear modeling and analysis techniques. A set of calibration models would
provide a valuable data set for those performing the numerical studies to assure that known
‘results can be obtained. Structural engineers and material engineers need to work closely to
develop new standards for material testing so that the appropriate material properties are
available for these analyses. Therefore a shaking table test of a 1/50 scale cantilever monolith of . -
Koyna Dam was built at Reclamation’s Material Testing Laboratory for use in calibrating linear-

“elastic and non-linear material properties, as well as to provide a means of evaluating the effect
of various analysis parameters available in the ABAQUS program. Two models were tested, a
model with a natural but preexisting crack and a monolithic model.

The ultimate,goal of the shaking table test program was to develop a correlation between
the material testing program and material property requirements for the non-linear numerical
- concrete cracking model. But before this goal can be accomplished the basic linear elastic ‘
'material properties needed to be calibrated and the effects of various analys1s parameters needed
.to be understood. These requirements were accomphshed through comparisons of analytical
results with laboratory measurements. This report is concerned primarily with these preliminary
studies, although some non-linear analysrs results are also presented :

‘I LOWSTRENGTH MATERIAL DESIGN AND TESTING |

IL.1 Simihtude Requirements

Koyna Dam is a 338 foot high concrete gravity dam in IndJa which suffered crackmg
during a magnitude 6.5 earthquake in 1967. The geometry of the shake table model was scaled
from Koyna Dam. Previous shake table research was completed by Doctors Akira Niwa and
Ray Clough in 1980[7]. They performed shaking table tests to investigate the feasibility of
studying the nonlinear response behavior of concrete dams. Their research concluded that



shaking table research is a practical means of studying the nonlinear earthquake response of
concrete dams and obtaining their actual failure mechanisms.

In the present study numerical models were compared to laboratory results so exact
similitude relationships were not required but to the extent possible similitude relationships were
maintained. The model scale chosen was 1/50 scale. Similitude requirements for the models,
estimated dam material properties, associated scale factors and the model material target values
are summarized in Tables 1 and 2.

Table 1: Similitude Requirements For a 1/50 Scale Dam Model
Component Variable Required Scale Ratio
model / prototype
Dam Unit Weight p=1
Length L =1/50
Elastic Modulus E=1/50
Ultimate Strength o=1/50
Poisson’s Ratio v=1
Strain e=1
Force F =(1/50)°
Earthquake Motion Displacement L=1/50
Acceleration a=1
Duration and Period T = (1/50)"
Table 2 : Dam Material Properties
Property Prototype Estimate Scale Factor Target Value
E 4,000,000 psi 1/50 80,000 psi
£ 4,000 psi 1/50 80 psi
f 400 psi 1/50 8 pst
Density 150 pef 1 150 psi
e’ 0.0025 1 0.0025
e, 0.00012 1 0.00012




I1.2 Concrete Mix Design

In this study a low strength concrete mix was designed to produce a concrete like material
which would to the extent possible maintain similitude relationships, and yet be simple enough
for direct comparisons with computer predicted results. Consideration was also given to
reproducing the correct failure mechanism at model scale. -A trial mix was initially made in the
U.S. Bureau of Reclamation Materials Testing Laboratory . Bentonite pellets were used to reduce
the material strength. . In the laboratory trial mix the bentonite pellets were saturated overnight ..
before they were added to the mix. Material property testing was completed on the trial mix
which resulted in reasonable strength properties for use in the test model. Then a commercial
concrete company(Colorado Ready Mix) was hired to produce the approximately 6 cubic yards
of material needed for the model. The commercial company attempted to accomplish the
saturation in the mixer drum during transit. The water was also adjusted from the original design
at the plant due to the desire to decrease sloshing in transit. As a result the material properties of
the commercially supplied material actually used in the model were not the same as those -
produced in the laboratory trial mix. Table 3 shows the mix components for both the laboratory
trial mix and the commercially supplied mix which was actually used in the model. - The material
properties produced in the laboratory trial mix and the commercially produced mix are shown in
Table 4.

Table 3 : Model Concrete Mix Components
Component Lab Mix Volumeinmix | ModelMix | Volume in Mix .
. ' Wt. percu. Yd. | Wt per cu. Yd. '
Air o 0a4 052
. {assumed by 1/2%
. - entrapped air)
Water 560 . 899 480 - 768
Cement 160 - 0.82 168 . 0.86
Bentonite . 40 025 .42 . ). . 026
- Sand 1336 .84 . 1454 " B87
No.4-3.8" . 553 336 '
Gravel - :




IL3 Laboratory Material Property Test Results

Both standard and specialized laboratory testing was done in the material testing
laboratory[9). Static compressive strength was determined following the American Society for
Testing and Materials (ASTM) C 39 “Standard Test Method for Compressive Strength of
Cylindrical Specimens.” The modulus of elasticity was determined as per ASTM C 469
“Standard Test Method for Modulus of Elasticity and Poisson’s Ratio in Compression.”[1] All
of the compressive cylinder tests failed in a classic shear plane typical of concrete
(approximately 65 degrees). Figures A.1 through A.3 show the resulting stress-strain curves for
three tests. ‘

Dynamic tests were performed following the ASTM procedures for the static tests with
the exception of loading rate. A uniaxial testing machine capable of providing failures within a
strain rate of 10” and a time frame of approximately 0.1 seconds was used for the three dynamic
compression tests. Figures A.4 through A.6 show the stress-strain curves resulting from the
rapid compression tests. Typical unload-reload data resulting from cyclic compression tests is
shown in Figures A.7 and A.8. Fracture (crack width versus load - beam test ) data is shown in
Figure A.9. The material density was measured as 138.2 pef.

Table 4 : Laboratory Material Test Results
Material Properties for Koyna Dam (Monolithic Model) Low Strength Concrete
L Age: 15 days :
PROPERTY ACTUAL KOYNAMIX
Slump 8 inches 8 inches
Density 138.2 Ib/f° 150 b/’
Static Modulus of Elasticity 157,000 Ib/in’ 80,000 1b/in’
Dynamic Modulus of Elasticity 113,000 1b/in’ -
Ultimate Static Compressive 203 1bfin’ 80 Ib/in®
Strength
Static Tension
Splitting Tension 27 Ib/in® 8 Ib/in®
Beam Tension 60 Ib/in’ 8 Ib/in®
Dynamic Tension 52 Ib/in® -
Ultimate Strain (e, 0.004 0.0025




I LABORATORY SHAKE TEST SET-UP AND PROCEDURE
III.1 Model Geometry

The laboratory shake table tests were eompieted at the u.s. Bureau of Recla.matlon,
Materials Engineering and Research Laboratory[9]. A shake table for large scale tests has been
in existence at Reclamation since 1969. The shake table was set up for this experiment using
steel I beams to attach the Koyna scaled model to the table. Figure B.1 shows the Koyna
monolithic model mounted on the shake table. Accelerations were applied to the model in the
upstream downstream direction only(one dimensional shake test). The table was tested using
ultrasonic methods for response modes and tested in motion with accelerometers to determine
capabilities for higher frequencies. Input frequencies below 26 Hz gave good responses but
higher frequencies were eliminated from testing. Response of the table was clearly best at -
frequencies of 26 Hz and below. A similitude simulation of an earthquake motion was not used.
Rather, for practical reasons associated with the table, and for snnphclty in numencal model
calibration a sinusoidal motion was selected : :

Figure B.2 and B. 3 show the Koyna scaled model geometry and the steel I beam
setup. The 1/50 scale modet resulted in a 8.5 foot tall model weighing 7850 pounds. The first
model tested was cast laying down on its side. The casting and forming operation was easier to
completed in this case, but after a period of approximately 20 days a small shrinkage crack
appeared in the exposed face. When at approximately 28 days, the model was positioned on the
shake table and the forms were removed. The shrinkage crack was evident on all four faces of
the model so it was assumed to extend through the model thickness. The plane of the crack had
an inclination of approximately 20 degrees from horizontal towards the side of the model. This
model is referred to in this report as the “cracked” model in reference to the preexisting - -
shrinkage crack. The second model tested had the concrete forms constructed on the shake table
so that the concrete for the model could be poured on the shake table with the model inthe . .
upright position. This was done to avoid the potential for shrinkage cracking. By pouring the
second model upright on the shake table, and by testing earlier(15 days) the onset of shrinkage
cracking was avoided and the second “monolithic” or “uncracked” model produced a material
failure under dynamic loading. Earlier testing also held the curing strengths lower. The test
cylinders of this material were poured on the same day as the model and tested mmedxately
following the breakmg of the model. _

III.2 Loads . - .- ; n

The only static load included in the analyses in this study was the gravity load. The
primary focus of this study was the dynamic material properties and the response of the model to
dynamic loading. Two input motions were used in the monolithic model study. The first input
record (SHAKEA) was used to determine the natural frequencles of the model. The second input
record (SHAKEB) was used to fail the model.” .~ - L

. SHAKEA was a sinusoidal forcing motion applied to the model in the : :
upstream/downstream direction only, with a constant acceleration of 0.1 g, and with ﬁ'equenetes
starting at 2 Hz, and then increasing in 2 Hz increments to 30 Hz. The acceleration time history
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plot (Figure B.4) shows the upstream-downstream acceleration time history measured at the base
of the model(Accel#1). This acceleration time history was used as an input motion for the
ABAQUS analyses.

SHAKEB was a sinusoidal forcing motion with a constant frequency of 14 Hz(figure
B.S). In this input record the acceleration amplitude was increased in 0.2 g increments until
failure of the model occurred. This input motion was selected at the time of placement of the
cracked model(Koyna I). Numerical analyses for the cracked model predicted a fundamental
mode of 14 Hz. The results of the cracked model study are not included in this report, they are
mentioned here only in reference to the selection of a 14 Hz sinusoidal input motion for the
laboratory tests in which the models were shaken to failure.

The acceleration response spectra at 5 percent damping for both input motions are shown
in Figure B.6. The response spectrum for input record SHAKEA indicates that structures with a
natural frequency in the range of 3 to 5 Hz would have the most significant response to this input
record. The response spectrum for input record SHAKEB indicates that structures with a natural
frequency in the range of 14 to 15 Hz would have the most significant response, as expected.
These response spectra were used as input for response spectrum analyses in ABAQUS.

II1.3 Boundary Conditions

The rectangular base of the model was poured continuously with the Koyna portion of the
model and acts as a foundation block. All-thread rods were embedded in the foundation to
provide a means of anchoring the model to the shake table as shown in Figure B.1. Some
unforseen problems with these boundary conditions developed during the test in which the
model was shaken to failure. Prior to failure of the dam, the all-thread rods embedded in the base
of the model began to break loose allowing the model to rock. As more material around the all-
threads failed, the rocking of the model increased which resulted in increasing vertical
accelerations. Eventually the material failure around the all-thread was severe enough that the
entire model could slide back and forth a small amount in the direction of the excitation. This
was evident in the measured displacement time history records shown in Figure B.7 at LVDT#1
which was located on the model base. The figure shows that the displacements oscillated about

an initial offset of approximately -0.04 inches until approximately 300 seconds into the test.
From this time on the position about which the measured displacements tended to oscillate
drifted and an indeterminate non-linear boundary condition had developed. No attempt was
made to duplicate these non-linear boundary conditions in the numerical analysis, but it is
believed that general comparisons can still be made based on the final accelerations and the
material properties presented.

II1.4 Instrumentation

Instrumentation was designed to measure displacements, and accelerations on the model.
The general instrumentation locations are shown in Figure B:8 Accelerometers #1, #4, #5, and
#6 were positioned at various elevations on the upstream face of the Koyna model and set to
measure horizontal accelerations in the upstream/downstream direction. Accelerometers #1, #2,
and #3 are all located at the same position and measure accelerations in the



upstream/downstream, cross-canyon, and vertical directions respectively. These three - :
instruments were positioned at the top of the foundation block on the upstream face of the model.
Accelerometer #8 was positioned at the center of the top surface of the model and was set to
measure vertical accelerations. Four LVDT’s were used to measure upstream/downstream
displacement time histories during the laboratory tests.- LVDT#1 was positioned onthe -
downstream face of the foundation block. LVDT#2 was positioned on the upstream face at a
height of approximately 5 foot above the bottom of the foundation block. LVDT#3 was
positioned on the sloping surface of the downstream face, while LVDT#4 was positioned above
the change in slope on the downstream face. All of the instruments were placed at the model
center line with respect to the cross canyon direction. .

IV  LABORATORY SHAKE TEST R.ESULTS
Iv.1 Modal Characteristlcs Determmed From Lahoratory Measurements

The acceleration time histories recorded during the laboratory test using input record
SHAKEA provide an indication of the modal characteristics of the model. Since the frequency
of the input motion in SHAKEA was stepped through even frequencies from 2 to 30 Hz ata
constant amplitude, any clear jumps seen in the accelerations measured on the model can be used
to identify resonant frequencies in the model. Figures C.1 and C.2 show the acceleration time
histories measured at each of eight accelerometers during the laboratory test using input motion
SHAKEA. Figure C.1 shows the upstream-downstream, cross-canyon, and vertical acceleration
time histories measured at the base of the model using accelerometers #1, #2, and #3.. Figure
C.2 shows the vertical acceleration time history measured at the top of the model using
accelerometer #8. Figure C.1 and figure C.2 show the upstream-downstream acceleration time
histories measured at accelerometers #4, #5, #6 and #7..

These acceleration records also provide evidence concerning the orientation of the mode
shapes associated with these resonant frequencies. The plots show that a significant jump in the
model’s cross-canyon and vertical response occurred at an input frequency of 18 Hz. A
corresponding jump is not seen in the upstream-downstream records. Measurements from
accelerometers #5, #6, and #7 actually show a decrease in upstream-downstream response when
the input motion’s frequency was 18 Hz. This suggests that the models first mode acts primarily
in the cross-canyon and vertical directions and that the first natural frequency is approximately
18 Hz. The upstream-downstream accelerations also show a gradual increase in amplitude
peaking at 24 Hz suggesting that a second cantilever mode acting in the upstream-downstream
direction may occur at 24 Hz.

There was also a definite jump in the model’s éross-canyon response to the input motion
at a frequency of 30 Hz. The model’s upstream-downstream and vertical responses were also
high at 30 Hz. This is the first resonant frequency of the table and may not be significant in
terms of the response of the model. _

Since the material properties of the model effect the mode shapes and natural
frequencies, it may be possible to use this information from the excitation of the laboratory



model in conjunction with the material property testing to calibrate the material properties used
in the finite element model. Therefore numerous frequency analyses were completed for the
uncracked Koyna finite element model for a series of different linear elastic material properties.
Comparisons were made of the natural frequencies calculated in the finite element analysis and
the resonant frequencies indicated from the laboratory measurements.

IV.2 Damping Characteristics

A damping factor was estimated from the decay record of measured acceleration after a
0.1 g sinusoidal load was applied to the laboratory model and then removed. It was not possible
to instantly stop the motion of the table so this record is not a true free vibration decay record,
but it was used to obtain an estimate for the damping factor. This plot is shown in Figure C.3.
The logarithmic decrement method and the half-amplitude method were used to calculate a
damping factorf2].

A viscous damping factor was calculated using the logarithmic decrement method as:

-

1, Hp
& —]—
¢ I w.
Where : ¢ is the viscous damping factor

Up is the amplitude at the beginning of a cycle
is the amplitude at the end of the cycle
(See Figure C.3)

The peak acceleration values selected for u, and uy were 0.13 g and 0.12 g respectively, which
resulted in a viscous damping factor of .011.

A viscous damping factor was also calculated using the half-amplitude method as:

. 0.11
¢ N

Where : ¢ is the viscous damping factor
N is the number of periods between points P and R, where the amplitude at
point R is half the amplitude at point P.(See Figure C.3)

The number of periods between point P and point R was approximately 7, which leads to a
viscous damping factor of 0.016.



Both methods result in a very low damping factor(1 to 2 %). - Low level forced vibration
field tests on dams typically result in viscous damping ratio’s in the range of 1 to 3 percent, while
the use of § to 10% viscous damping is considered reasonable for dams under large earthquake .
loading. The use of 5 to 10% viscous damping in the analysis of dams is reasonable because of -
the existence of vertical contraction joints in the structure which provide a physical damping
mechanism. The laboratory model is a solid structure rigidly fixed to the shaking table so a
viscous damping ratio of 1 to 2% is reasonable for the analyses in this study..

IV.3 Measured Acceleratlon and Dlsplacement Time Hlstories

Flgures C 1 and C.2 show the time history plots of acceleratxons measu.red dunng the
modal sweep(input record SHAKEA) testing procedure. The displacement time histories
measured at the four LVDT’s during this laboratory test are shown on Figure C.4. Acceleration
time history plots from the second laboratory test, in which the model was shaken to failure(input
record SHAKEB), are shown in Figures C. 5 and C 6. D1Splaccmcnt time histories from thc
second shake test are shown in Flgu.re C.7. _

IV.4 Final Failure Mode -

Figure C.8 shows the final failure surface as it occurred during the SHAKEB laboratory
test. Development of a crack through the model and failure occurred very quickly. The test was
videotaped using a standard video frame rate of 1/30 of a second. When this film record was
reviewed frame by frame after the test it was observed that a failure surface was not visible in
one frame and had developed and propagated through the structure by the next video frame. Soa
through crack developed in less than 0.03 seconds. It was also noted that after initiation of the
crack the top of the model began to slide before toppling occurred. The top portion toppled from
the model approximately 1 second(14 cycles) after crack propagation began.

\'/2 ABAQUS LINEAR—ELASTIC FINITE ELEMENT ANALYSES

- The ABAQUS finite element analysis program has both linear and non-linear analys:s
capabilities. This portion of the study focuses only on linear elastic dynamic analyses.
Performing a linear elastic analysis is the first level of investigation in evaluating the response of
a dam-reservoir-foundation system to an earthquake loading. Linear elastic analyses are less
expensive than non-linear analyses. While linear elastic analyses cannot predict plastic
deformation, crack propagation, or the stress distribution after cracking has occurred, a
preliminary linear elastic analysis can to used to calculate natural frequencies and to determine
whether or not a non-linear analysis is required through comparison of concrete stress levels with
strength properties and to calibratie linear elastic material properties used in a study. Linear
elastic dynamic analyses can be performed by using the unphclt direct-integration or modal
superposltlon procedures in ABAQUS/Standard[6], or by using an explicit direct-integration
procedure in ABAQUS/Explicit[5]. ABAQUS/Standard and ABAQUS/Exphcxt are separate
program modules within ABAQUS. First, modal superposition procedures using
ABAQUS/Standard were used for frequency extraction, modal dynamic time history analysis,
and response spectrum anatyses. The results of these analyses were then compared to the results

9



from an implicit direct-integration dynamic analyses performed using ABAQUS/Standard and an
explicit direct-integration analyses performed using ABAQUS/Explicit. Wherever possible the

* results from each analysis were compared to laboratory measurements. Sensitivity studies were
also completed for various analysis parameters, material property parameters and mesh
definitions.

V.1  Finite Element Models

Six different finite element meshes were used in the analyses of the Koyna scale model.
All of the analyses use the same three-dimensional solid model which was created to match the
physical dimensions of the laboratory model(See Figure B.3). The ABAQUS element type
designated “C3D8R” was used in all the models in this study. This is an eight noded, reduced-
integration, three dimensional solid brick element with hourglass control. ABAQUS/Standard
has a very extensive element library, while the ABAQUS/Explicit element library is more
limited. In ABAQUS/Standard fully integrated 3D brick elements are available with both 8 and
20 nodes, in ABAQUS/Explicit only 8 noded 3D brick elements with reduced integration are
available. The 8 noded, reduced integration, 3D brick element was selected for this study
primarily to facilitate comparisons of results from ABAQUS/Standard and ABAQUS/Explicit in
the non-linear analyses to be completed later. The use of tied contact surfaces in ABAQUS was
also investigated. A tied contact surface is used to mathematically link two separate finite
¢lement models along a common boundary.

The issue of mesh density is particularly important when linear reduced-integration
elements are used. These elements can have a numerical charactertistic cailed “hourglassing”.
The following figure shows the deformed shape of a linear element with reduced-integration
subjected to pure bending. Since this is a linear element with only 8 corner nodes the element
edges are not curved, and since this is a reduced integration element it has only one integration
point located at the element centroid. When the vertical and horizontal element dimensions are
measured through the integration point their length does not change and the angle between them
remains 90 degrees in the element’s deformed shape. Therefore all of the components of stress at
the element integration point are zero and there is no strain energy generated by this element in
bending. So if a single linear, reduced-integration element were used through the thickness of a
beam model, all the integration points would lie on the neutral axis and the model would be
unable to resist bending loads.

y Hourglassing
L. X

10



However if enough elements are used through the model thickness then linear reduced-
integration elements produce acceptable results in bending. The next figure illustrates the
deformed shape resulting when four elements are used through the thickness of a model
subjected to bendmg loads. In this case the horizontal element length measured through the
mtegratlon point in the top element decreases in the deformed shape indicating that the direct
stress in the x-direction(o,,) is compressive; while the horizontal element length measured
through the integration point in the bottom element increases indicating that o, is a tensile stress.
The angle between a vertical line drawn through all the integration points and horlzontal lines
drawn through each integration point remain at 90 degrees so the shear stress remains zero. In
this case, conditions are consistent with the expected state of stress for pure bending and
acccptable results are achieved.

No Hourglassing

The finite element models varied in element mesh density and orientation. Mesh
densities were increased in localized regions of the model around tied contact surfaces. These
meshes were identified as Mesh#1, Mesh#2, Mesh#3, Mesh#4, Mesh#5 and Mesh#6. Meshi#1
and Mesh#2 both used tied surfaces to change the mesh density near the change in geometry on
the downstream face of the model. Mesh#1 has a finer mesh density than Mesh#2, and the
upper tied contact surface is closer to the change in geometry than the tied surface in Mesh#2,
The other four mesh definitions do not include any contact surfaces. Meshes #3,#4 and #5 all
used a vertical-horizontal mesh orientation with varied densities. Mesh#6 included a sloped
mesh orientation. Figures D.1 and D.2 show the six finite element mesh definitions used, while
the following table provides a summary of the mesh characteristics.
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Table 5 : Finite Element Mesh Definitions _

Mesh Designation | Number of Elements Number of Nodes Number of Tied

Contact Surfaces
Mesh#1 1470 2102 Two
Mesh#2 4384 784 Two
Mesh#3 612 889 None
Mesh#4 2160 2826 None
Mesh#5 84 180 None
Mesh#6 252 410 None

-~

V.2 Boundary Conditions Used For The Finite Element Analyses

The same displacement boundary conditions were used for all of the mesh definitions in
this study . All the nodes on the bottom of the model base and on the upstream and downstream
faces at and below 23.625 inches were identified as fixed nodes against all three components of
translation. The displacement boundary conditions are shown in Figure D.3.

¥.3 Loads

The loading sequence used for all of the linear-elastic sensitivity studies was to apply the
gravity load in the first analysis step, followed by a frequency extraction step only when modal
superposition dynamic procedures were used, and then to apply the laboratory input accelerations
to the numerical model in the upstream/downstream direction in the final analysis step.
Accelerations were applied at the fixed nodes. Input motion SHAKEA was used for the majority
of the linear-elastic analyses because this was a low amplitude acceleration record and therefore
the response of the model to this loading was expected to stay well within the linear-elastic
range. One second of the SHAKEA acceleration record was extracted from the laboratory data
for use in the sensitivity studies. The entire record is approximately 480 seconds long so it was
not feasible to analyze the entire record. One second of the SHAKEA record at a point where the
frequency was 14 Hz was selected because the entire SHAKEB input acceleration record which
will be used for the non-linear analyses has a frequency of 14 Hz.

V.4 Linear Elastic Material Property Model

The ABAQUS linear elastic material model was used for all of the analyses in the first
part of this project. The total stress is defined from the total elastic strain as :
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o=D ¢Ie¢l

where o is the total stress, D is the fourth-order elasticity tensor, and g* is the total elastic strain.
This material model is only valid when the elastic strains are small. The ABAQUS elastic
material model can be either isotropic or anisotropic. The low strength concrete mix used in this
study was considered to be homogeneous and isotropic. The elastic propemes were eompletely
defined by the Young 3 Moduius(E), and the Poisson’s ratlon(v)

V. 5 Output Locations

Figures D.4 to D.9 show the output locatlons from ABAQUS used for acceleratlons and
displacements for each of the six meshes used in this study. Each figure shows plan and
elevation views of a mesh with the nodes at which accelerations and displacements will be
requested as output shown in red. The elevations of these nodes are listed on the figures as well
as the elevations at which the instrumentation were actually located on the laboratory model. -
Therefore these figures provide documentation of how closely the location of the nodes at which
output is generated in the ABAQUS analyses match the actual locations of the instructions used
in the laboratory for each of the six different mesh definitions. _

vVl SUMMARY AND CONCLUSIONS FOR INDIVIDUAL LINEAR ELASTIC
SENSITIVITY STUDIES

VL1 Sensitivity of Results to the Numher of Modes Extracted in Frequency Analysis

Since both the modal dynamic and mponse spectmm analysxs procedures base the
structure’s response on a subset of thé eigenmodes of the system, the eigenmodes mustbe
extracted prior to running these analyses. The number of modes extracted must be sufficient in -
each case to model the dynamic response of the system adequately. To determine the number of
modes which must be extracted in the frequency analyses for convergence of results in the
dynamic analysis, four modat dynaxme analyses were completed using 2, 3, 10, and 20 modes.
These analyses were completed using Mesh#3, w1th an elastlc modulus of 150 ksi and a materiat
densﬂy of 138 pcf. . _ ‘

The resultmg acceleratlons, displacements and CPU times were compared The reeults
from this sensitivity study are shown in Figures E.1 to E.4." The first three natural frequencies
were 15.7, 29.9, and 54.2 Hz. Calculated peak accelerations and dlsplacements are shown on
Figures E.1 and E.2. CPU tune are also listed on Fxgure E. 1 Acceleratlon tune hlstory plots are
‘shown on Flgure E 4 : S

'I‘he results ﬁ'om modal dynamlc analyses usmg ﬁ'om 2 to 10 modes showed only shght
differences in peak accelerations and displacements, and the results from analyses using 10 and
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20 modes were nearly identical. CPU times ranged from 53 sec, when only 2 modes were
extracted, to 210 sec when 20 modes were extracted. CPU times included a static loading step
used to apply gravity, the frequency extraction step, and a one second modal dynamic analysis
step. The one second input record used was from input record SHAKEA from 279 sec to 280
sec. This section of the SHAKEA input record has a magnitude of 0.1 g and a frequency of 14
Hz.

This study indicated that only the first two modes need be extracted to obtain reasonable
results and that results had completely converged when 10 modes were used. Ten modes were
extracted and used in the modal dynamic analyses through out the remainder of the linear elastic
analysis studies.

VL2 Sensitivity of Modal Dynamic Results to Variation in Mesh Definition.

The six different finite element meshes were analyzed using the modal dynamic
procedure to determine the effects of variations in density, orientation, and the use of tied contact
surfaces. Identical linear elastic material properties were used for each of these analyses. The
elastic modutus was 150 ksi and the material density was 138.2 pcf. Five percent modal
damping was used. One second of input record SHAKEA from 279 to 280 sec was used as the
ground motion for these comparisons. Modal characteristics, accelerations and displacements at
the locations of instrumentation, energy levels and the CPU times for each analysis were
compared.

Figures F.1 to F.12 contain the results of the modal dynamic analyses used to evaluate
mesh sensitivity. The modal characteristics were very similar for all the mesh definitions. The
first natural frequencies varied from 14.1 Hz for Mesh#5(a very coarse mesh) to 15.7 Hz for
Mesh#4(a very fine mesh definition see figure F.1). Accelerations and displacements were also
very similar for all the mesh definitions, but they were slightly higher for the coarser mesh
definitions. The peak acceleration for Mesh#6(coarse) was 71.4 inch/sec?, while the peak
acceleration for Mesh#4(fine) was 69.4 inch/sec’. The peak displacement for Mesh#5(coarse)
was .0025 inches, while the peak displacement for Mesh#4(fine) was .0021 inches. The CPU
time required to complete the analyses varied significantly for different mesh definitions. Fine
mesh definitions such as Mesh#1, which also includes two contact surfaces, and Mesh#4, which
has a very fine mesh definition with no contact surfaces, required 895 seconds and 446 seconds
respectively, while the analysis of Mesh#5, which has a very coarse mesh definition and no
contact surfaces, only required 21 CPU seconds. Figure F.1 contains tabulated natural
frequencies, peak accelerations and displacements and CPU times from these analyses. Figures
F.2 and F.3 show the calculated acceleration and displacement time history plots from the mesh
sensitivity study; as well as, the acceleration and displacement time histories measured in the
laboratory.

Figure F.4 shows tabulated values for various whole model energy quantities at the end
of the static and dynamic load steps for the analyses using each mesh definition. Hourglassing
can be a problem with first-order, reduced-integration elements, such as the C3D8R elements
used in these analyses. The C3D8R ABAQUS elements include hourglass control, but they
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should also be used with reasonably fine meshes. ABAQUS monitors the amount of energy
spent on controlling hourglassing during the analysis, so the energy levels can be used as an .
‘indicator of acceptable/unacceptable mesh density. If the “Artificial” strain energy associated
with hourglass control is less than 1% relative to other typical energies then the mesh density is
acceptable. From the table on Figure F.4 it is evident that Mesh#1 through Mesh#4 are .
acceptable based on energy criteria, but Mesh#5 and Mesh#6 are not. The artificial energy levels
at the end of the static analysis step for the analysis of Meshes #5 and #6 were 1.1% and 3.5% of

the total strain energy, indicating that Mesh#5 and Mesh#6 are too coarsely defined.

[

: A response spectrum analysis was also completed for each of the six mesh definitions
using the response spectra generated for input motions SHAKEA and SHAKEB. The results
from these analyses were also used to determine the sensitivity of results to mesh density. The
maximum principal stresses at all elements were requested as output from these analyses. The
material properties used for the response spectrum analyses were an elastic modulus of 210 ksi, a
material density of 140 pcf with modal damping at 10 %. A summary of the results from the

response spectrum

Table §. .

analyses completed for each of the six different mesh definitions is shown in

Table 5 : Maximum Principal Stresses from Response Spectrum Analyses
Input : Response Spectrum from SHAKEA -
| Mesh#1 | Mesh#2 | Mesh#3 | Mesh#d | Mesh#5 | Mesh#6
SP3 23 psi 15 psi 14 psi 17 psi 9 psi 9psi
@Element | Numbers | Numbers | Numbers | Numbers | Numbers | Numbers
s 1369, 1369 | 120,123 282,330 | 1128, 1288 27,45 74,75
CPUTime | 561sec | 109sec | 155sec | 454sec | 18sec | 53sec
. Inpﬁt : Response Spectrum from SHAKEB '
SP3 228 psi 149 psi 143 psi 168 psi 89 psi 88 psi
@Element | Numbers | Numbers | Numbers | Numbers | Numbers | Numbers
8 1369, 1369 | 120, 123 282,330 |1128,1288 27,45 74,75
CPU Time | 565 sec 109 sec 155 sec 456 sec 18 sec 53 sec

Figures F.5 and F.6 show the location of the elements at which the maximum principal
" tensile stresses occurred in response to the SHAKEA spectrum input for the six different mesh
definitions. The plot of Mesh#1 indicates that the elements at which the maximum principal
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stress occurred were located on the downstream face adjacent to, and directly above, the change
in slope. These two elements are also adjacent to, and directly below, the upper tied contact
surface. For the other five mesh definitions the elements at which the maximum principal tensile
stress occurs are located adjacent to, and directly below , the change in slope on the downstream
face of the model. Figures F.7 and F.8 show the maximum principal tensile stress contour plots
from these response spectrum analyses. The contour plots of Mesh#1 and Mesh#2 both show a
sudden jump in the stress levels at the tied contact surfaces. Mesh#1 produced the highest
maximum principal tensile stress(23 psi), but these peak stresses appear to be associated with the
change in mesh density occurring on the upper tied surface. In mesh#2 where the upper tied
surface was moved farther away from the location of the change in slope on the downstream face
the maximum principal stresses occurred at the change in slope and were reduced to 15 psi which
seems much more reasonable. All of the contour plots indicate that the maximum principal
tensile stress occurs on the downstream face near the change in slope, but stress results from the
fine mesh definitions were significantly higher. The maximum principal stress from the analysis
of Mesh#4 was 17 psi while the maximum principal stress resulting from the analysis of Mesh#5
was only 9 psi. Use of a coarser mesh definition resulted in a 47 percent under-estimate of the
maximum principal stress, because the stress output location is farther away from the stress
concentration at the change in slope.

Figures F.9 through F.12 show the locations of elements in which the maximum
principal tensile stresses occur, and the maximum principal tensile stress contour plots from the
response spectrum analyses using the spectrum from input motion SHAKEB. These results are
similar to the results obtained using input motion SHAKEA. The maximum principal stress
distributions are the same with increased magnitudes. Once again a significant increase in the
maximum principal stress was seen in Mesh#1 where the tied surface was positioned near the
change in slope on the downstream face. The maximum principal stress occurring in Mesh#1 was
228 psi, while the maximum principal stress occurring Mesh#2 was 149 psi.

‘The response spectrum results using the spectrum from SHAKEB also show a 47 percent
reduction in stress between Mesh#4 with a maximum principal stress of 168 psi and Mesh#5
with a maximum principal stress of 89 psi. The following plot shows the maximum principal
stresses from the response spectrum analyses for spectrum SHAKEB plotted against the number
of elements in the mesh.
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Mesh Sensitivity Study

® e 500 1000 1500 2000 2500
M, MeshEl |, TiedMeshEl ) 2160 ,
Nunber of Elements Used ’ :
T Meshes#5.#3.84
==  Meshes#l #2

Results from Mesh#1 and Mesh#2 are plotted separately using the dashed curve since
these mesh definitions inciude tied surfaces. Meshes #3,#4, and #5 are shown with a solid curve.
The plot shows maximum principal stress values converging as the mesh density increases with
the exception of the results from Mesh#1. The maximum principal stresses resulting from the
analysis of Mesh#1 appear to be associated with the location of the tied surface and are therefore
considered to be invalid. There was a considerably more gradual increase in maximum principal
stress value between Mesh#3(612 elements) and Mesh#4(2160 elements) than between
Mesh#5(84 elements) and Mesh#3, but there was also an 273 percent increase in CPU time
between analyses using Mesh#3 and Mesh#4 :

The results of the mesh sens:tmty study indicate that the quantmes calculated at nodes,
such as accelerations and displacements, are not extremely sensitive to mesh definition, however
the stress values calculated at the element integration points were sensitive to changes in mesh
density, with substantial underestimation of stress resulting from the use of mesh definitions that
are too coarse. Energy terms are also a useful tool in determination of acceptable mesh density.
Mesh#3 was selected for use in the rest of the linear elastic sensitivity studies in this report since
it provided a reasonable combination of degree of convergence of results, relatively short CPU
time, and acceptable energy levels.
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VI3 Sensitivity of Results to Variations in Linear-Elastic Material Properties

To determine the sensitivity of results to variations in material and damping parameters a
series of modal dynamic analyses were performed. The resulting acceleration and displacement
time histories were compared with laboratory measurements. In the first set of analyses only the
elastic modulus was varied. Analyses using elastic moduli of 90, 113, 120, 130, 157, 200, 300,
and 350, ksi were included. For this first set of analyses the modal damping option was used with
the damping set at 3.5% of critical damping. The material density was 138.2 Ib/ft*. The value
138.2 Ib/ft’ is the density of this material as determined in the laboratory.

Figure G.1 shows the natural frequencies obtained from this set of analyses. These
analyses resulted in a fairly linear increase in the natural frequency with increased elastic
modulus. The first natural frequencies varied from 12.1 Hz for a elastic modulus of 90 ksi to 23.9
Hz for an elastic modulus of 350 ksi. The second natural frequencies varied linearly from 23.2
Hz for a elastic modulus of 90 ksi to 45.74 Hz for an elastic modulus of 350 ksi. The first natural
frequencies obtained using a material density of 138.2 pcf best match the laboratory test
predictions when the elastic modulus used was approximately 200 ksi. This material property set
resulted in a first natural frequency of 18 Hz and a second natural frequency of 35 Hz.

Figures G.2 and G.3 show tabulated and plotted peak acceleration and displacements for
this series of analyses. Acceleration and displacement time history plots are shown in figures
G.4 and G.5. The calculated accelerations and displacements approached the peak values
measured in the laboratory experiment as the elastic modulus increases, with the best match
occurring for an elastic modulus between 300 and 350 ksi. The elastic modulus which produced
best overall match for natural frequencies, accelerations and displacements was between 200 and
300 ksi.

In the second set of analyses the input acceleration frequency was varied. Analyses using
elastic moduli of 113, 157, 200, ksi were re-analyzed using input records with frequencies of 6,
10, 14, 18, 20, 22, 24, and 26 Hz. These input records were extracted from the SHAKEA input
record. For this set of analyses the modal damping and material density were the same as in the
first set of analyses. The Rayleigh damping was set so that the majority of the frequencies wee
damped at 3.5% of critical damping, and the material density was 138.2 Ib/ft>. The natural
frequencies obtained from this set of analyses were the same as those obtained from the first set
of analyses, which are shown in figure G.1. The first natural frequencies best match the
laboratory test predictions when the elastic modulus used was approximately 200 ksi.

Figures G.6 and G.7 show tabulated and plotted peak horizontal accelerations resulting
from this series of analyses. Figure G.8 shows the tabulated and plotted peak vertical '
acceleration for this series of analyses. Figures G.9 and G.10 show the peak displacements.
Acceleration and displacement time history plots are shown in figures G.11 through G.28.

The pcak upstream-downstream accelerations generated by ABAQUS, for analyses using
input frequencies of 14 Hz or greater, approached the peak values measured in the laboratory
experiment as the elastic modulus was increased( E > 200 ksi). The laboratory values tended to
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be lower than the results produced by the analyses and the results produced by the analyses
tended to decrease as the modulus was mcreased

The peak vertrcal accelerations measured in the la’ooratory for mput frequenmes of 20 Hz
or less tended to be significantly higher than the values produced by the analyses. The ABAQUS
values for the vertical acceleration at the top of the model tend to increase as the modulusis -~
decreased, therefore the analyses using lower moduli( E < 113 ksi ) best match the measured -
values. For input frequencies of 22 Hz or greater this trend is reversed with the lugher moduli
producing the best match with the laboratory measurements. S

. The peak upstrEam-downstream drsplaeements measured in the laboratory tended to be -
lower than those calculated in the analyses. The ABAQUS values decreased as the modulus
increased producing the best match for hlgher moduli( E > 200 ksi).

The upstream-downstrearn acceleration trme hlstory plots showed that at low mput o
. frequencies (6 and 10 Hz) the results are less sensitive to the value of elastic modulus used.. The.
“acceleration results from ABAQUS matched the laboratory curves equally well over all three
moduli. However, the results were sensitive to the modulus used in the analyses with input =
frequency of 14 Hz or greater. In the analyses using input acceleration of 14 Hz or greater the
ABAQUS results consistently most closely matched the laboratory values when an elastic
modulus of 200 ks; was used

The vertical acceleratton time lustory plots showed that the laboratory values were .
significantly higher than the ABAQUS values for input frequencies of 14, 18, and 20 Hz. These
input frequencies bracket the natural frequency of the structure(18 Hz). It may be that the '
boundary conditions in the laboratory did allow for some vertical movement at the base of the
mode! which was not accounted for in the analysis. When input frequencies of 22 and 24 Hz
were used the ABAQUS analyses using ana elastic modulus of 157 were the best match to the
laboratory measurements, while the analyses using a 26 Hz mput motlon best matched the
laboratory values when a modulus of 200 ksr were used -

The upstream-downstream dlsplaeement time h1story plots for input ﬁ-equencxm of 6 10
and 14 Hz show the best match when the modulus is increased( E > 200 ksi). When an 18 Hz
input motion was used a 180 degree phasé shift developed between the ABAQUS curves and the
displacement time history curve from the laboratory measurements, although the amplitudes still
matched best when 2 modulus of 200 ksi was used. Again this is an indication that the boundary
conditions in the laboratory were not completely captured in the analyses. The plots of - *
displacement time history records for input frequencies of 20 Hz and greater are back in phase
with the best match in terms o f amphtude resultmg from the analyses usmg an elasuc modulus
of 200 ksi.

In the third set of analyses only the material density was varied. An‘alys'musing a material
density of 100, 138.2 and 200 Ib/ft’ were included. The amount of modal damping used was

3.5% of critical damping. The three densities were analyzed for each of the following elastic -
moduli : 113, 157, 200, 300 and 350 ksi. _
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The natural frequencies from these analyses are shown in figures G.29 to G.33. The first
natural frequencies calculated using an elastic modulus equal to or less than 157 ksi approached
18 Hz when the material density was decreased, while the analyses using an elastic modulus
greater than 157 ksi approached 18 Hz when the material density was increased. Interpolation of
these results indicates that each of the following material property combinations would result in
first natural frequencies of exactly 18.0 Hz :

Elastic Modulus Material Density First Natural Second Natural
Frequency Frequency

113 ksi 68 pcf 18.0 Hz 344 Hz

157 ksi 111 pef 18.0 Hz 345Hz

200 ksi i 140 pcf 18.0Hz 346 Hz

300 ksi 207 pef 18.0Hz 344 Hz

350 ksi 228 pcf 18.0Hz 345Hz

Plots of the mode shapes obtained from three of these analyzes are shown in Figures G.34
through G.36. These plots show that the first mode is a cantilever mode acting in the cross-
canyon direction, while the second mode is a cantilever mode acting in the upstream-downstream
direction.

Figures G.37 through G.46 show tabulated and plotted peak accelerations and
displacements for the series of three analyses completed for each of five elastic moduli where the
density was varied(100, 138.2, and 200 pcf). In each set of analyses the peak values from the
analyses more closely approach the peak values measured in the laboratory when the material
density was decreased. Figures G.47 to G.51 show acceleration time history plots. Each plot
shows four acceleration time histories, one curve for each of the three densities analyzed for a
given elastic modulus plus the acceleration time history measured in the laboratory. Each figure
contains four such plots, one for each of the four horizontal accelerometers on the model. These
plots show that the accelerations decrease with decreased material density independent of the
elastic modulus, and that the accelerations decrease as the elastic modulus increases independent
of material density.

The average value for the elastic modulus determined from the static compression tests
was 157 ksi, while the average value for the elastic modulus resulting from rapid compression
tests was 113 ksi. A decrease in dynamic modulus compared to the static modulus was
unexpected. Typically the dynamic modules is equal to or greater than the static modulus. The
current practice at Reclamation for the static finite element analysis is to reduce the average
elastic modulus determined from the static compression test by a factor of one third to account
for long term creep(E,,;. =105 ksi), and to increase the average elastic modulus from the static
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compression test by a factor of four-thirds for use in the dynarnic finite element analyses(Epypymic-
= 209 ksi). Reclamation is currently performing rapid compressmn tests on all concrete core to
develop a database of static and dynamic properties. :

Dr. Jerome Raphael’s paper “Tensile Strength of Concrete” published in the ACI Journai
in 1984,(8] reported on tensile and compressive strength testing on concrete specimens which
resulted in the conclusion that the rate of loading characteristic of an earthquake increases "
compressive strength an average of 31 percent and increases tenstle strength an average of 56
percent. : :

The results of this sensitivity study show that any number of combinations of the two
linear elastic material properties (elastic modulus and material density) could be used to obtain
modal characteristics matching those produced in the free vibration test. It is recomended that
the modulus be varied because the calculation of density using volume and weight measurements
of a material specimen is very straight forward and are expected to be quite accurate. The
measured density of 138.2 pefis probably accurate within + 5 pef. _ :

Selectlon of the dynamic elastic modulus is much l&ss certam Compansons of natural
frequencies resulting from the modal dynamic ABAQUS analyses and the resonant frequencies
identified from the measured acceleration and displacement time histories suggest that the most -

appropriate elastic modulus would be approximately 200 ksi. Comparison of - accelerations and
displacements resulting from the modal dynamic analyses and the accelerations and ;
displacements measured in the laboratory suggest that the most appropriate elastic modulus
would be between 200 and 300 ksi. The value which would be selected based on current practice
at the Bureau is 210 ksi. Therefore the results from the current study tend to support current
practice of increasing the static modulus for use in dynan'uc analyses. :

V1.4 Variation in the Amount of Damping Included in Modal Dynamic Analyses

In the this set of analyses the modal direct da.mpmg optlon was used whxch allows the
same damping for each mode. Only the percent of critical dampmg used was varied. Analyses
were completcd for the following matcnal propertles s : .

Linear Elastic Matenal Property set #1) ~ E=190ksi and 'y = 133 pcf -'

Linear Elastic Material Property set #2) E =200 ksi and y = 140 pcf,

Linear Elastic Material Property set #3) E 210 ks1 andy= 140 pef,

Linear Elastic Material Property set #4)  E =250 ksi and y = 140 pef.
The analyses for each material property were repeated for different percentages of critical
damping to determine how much damping would influence the resulting acceleration and
displacements and to determine how much damping would be required for the resulting

acceleration and displacements to match those measured in the laboratory experiment. The
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modal damping percentages used were 3.5%, 5%, 10%, 38%, and 88%. Peak values of
acceleration and displacement, acceleration and displacement time histories, natural frequencies,
and CPU times were compared.

The first three natural frequencies for each material property are shown on Figure H.1.
The first natural frequencies for these material property sets are approximately 18 Hz, with the
exception of material property set #4 which had a first natural frequency of 20 Hz. The material
density for material property set #4 would have to be increased an unrealistic amount to maintain
a first natural frequency of 18 Hz. Peak values of acceleration and displacement, as well as the
CPU time required to complete each analysis, are shown in Figures H.2 through H.S. These
results indicate that the percent damping used has relatively little affect on the accelerations and
displacements. At least 88 percent of critical damping would be required for the peak values
from these analyses to converge exactly with the values measured during the shake test. This
was true for all four material property sets. Acceleration and displacement time history plots are
shown on Figures H.10 through H.17. These results show that while it may require an unrealistic
amount of damping to match the measured accelerations exactly, the curves generated from all of
these analyses actually match the measured values fairly well for all levels of damping. Itis also
notable that a phase shift develops in the displacement time history curves at damping levels
equal to or greater than 38 percent. The analyses using damping levels less than 38 percent are
not as good a match with respect to the peak magnitudes, but they are a much better match in
phase. The amount of damping did not have a significant effort of the CPU time required to run
the analyses. CPU time only varied from 267 to 278 seconds.

V1. Variation in Selection of Damping Method in Modal Dynamic Analyses

In this set of analyses only the damping method was varied. Modal dynamic analyses
were completed using three damping methods : direct, Rayleigh, and composite. Only the
method of applying the damping was varied. For this set of analyses the elastic modulus was 210
ksi, and the material density was 138.2 Ib/ft’. Accelerations, displacements and CPU times were
compared.

The first damping method was “direct” modai damping. When the direct method is used

the damping in each eigenmode is given as a fraction of the critical damping for that mode. The
equation of motion for a one of the eigenmodes of the system is given as:

m{+cq+kg=0
Where m is the mass, ¢ is a damping factor, k is the stiffness and q is the modal amplitude.
The solution is of the form

g=AexpAt

Where A is a constant, and
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If the expression under the root sign 1s“negative the solution will be oscillatory(ﬁnder damped)
Critical damping is defined as the damping value which makes the expression under the root s1gn
equal to zero or :

When an acceleration load is removed from a critically damped system there will be no
oscillation, the amplitude will decay very rapidly. For these analyses 10% of the critical
damping level was applied to each of the first three modes, and only the first three modes were
considered in the analysis. Since this damping method associates the damping with the
eigenmodes of the system, this damping method can not be used in the nonlinear dynamic = -
analysis procedures where the equations of motion of the system are mtegrated dlrectly, and the
natural ﬁ'equencles of the system are constantly changmg [6]12] :

The second dampmg method was “Raylelgh” dampmg When the Raylelgh dampmg
method is used the damping is defined using a damping matrix([C}). This damping matrix isa
linear combination of the mass and stiffness matrices: .

* [C-elM+51)

Where & is the mass dampmg factor and |3 is the stlffness dampmg factor. In ABAQUS standard
modal dynamic analysis procedures Rayleigh damping is converted into critical damping
fractions for each mode. The « and p damping factors are defined mdependently for each mode -
included in the analysis. For each mode; the fraction of critical damping is given as :

| “l pt“’t
El'" .
2&0, 2

For this maiyels the equat:oﬁ above was enteredmaMathCadd spreadsheet end then a andp .
factors were selected such that 10 percent critical damping was used for the ﬁrst three modes as -

Lo Tl M
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[6]

The third modal damping method was “composite” damping. When composite damping
is used a damping value can be defined for each material in the model. The amount of
dampening is entered as a fraction of critical damping. These values are then converted into a
weighted average for each eigenmode. In this analysis there is only one material property set
used for the entire model, so only one damping value was used: 10 percent of critical. The first
three modes were included in the analysis. When this method is used the damping ratio is defined
as:

6.0kt 10"

Where £, is the critical damping ratio used in mode o; &, is the critical damping fraction defined
for material m; MM is the mass matrix associated with material m; ¢, is the eigenvector of
the « th mode; and m, is the generalized mass associated with the o th mode. This equation is
summed over all the materials for each mode. In this study the model has only one material, so
the equation reduces to defining the critical damping ratio for each mode as in the direct damping
method. In this case a 10 percent damping ration was used for the first three modes and only
three modes were included in the analysis.[6]

Figures H.18 and H.19 show the peak accelerations and displacements from these analyses, while
Figures H.20 and H.21 show the acceleration and displacement time histories. The accelerations
and displacements resulting from the analyses using modal and composite damping were
identical as they should be since there is since the model includes only one material. The results
from the analysis using Rayleigh damping were also nearly identical. The CPU times were also
nearly the same for all three analyses. These results simply verify that all three modal damping
methods will produce the same results when the same amount of damping is specified, as they
should.

VI.6 Sensitivity of Results to Variation Analysis Time Increment

Two sensitivity studies were completed to determine the effect of analysis parameters
controlling the analysis time step in direct-integration dynamic analysis procedures. When the
modal dynamic analysis method was used the selection of the appropriate time step was very
straightforward. The time increment used in the dynamic procedure was selected to match the
time increment of the seismic input record. Input accelerations were assumed to vary linearly
between these values. There are two methods of controlling the analysis time increment
available when the implicit direct-integration dynamic analysis procedure is used.

The first method is direct user control of increment size, in this case the increment is
entered in the input file and can not change during the analysis. This method is not
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recommended because when the direct time incrementation parameter is used the time increment
can not be reduced to obtain a converged solution. In this case, if convergence is not achieved
within the maximum number of iterations allowed in the program the analysis stops. It would be
particularly difficult to select a constant time increment for a nonlinear dynamic analysis. The
first sens1t1v1ty study involving the analysis time increment was completed to determine the
effect of varying the analysis time increment using the direct time increment parameter. Three
linear-elastic direct integration dynamic analysis were completed using analysis time increments
of .0001, .003, and .01 seconds. One second of the input record SHAKEA, from 279 to 280 - -
seconds, was used as input accelerations for these analyses. The material properties used in these
analyses were an elastic modulus of 210 ksi and a material density of 140 pcf. Rayleigh material
damping was used in these analyses, with ¢ =8.936 and f§ = 000132(10% of cntxcal)
Accelerations and displacements were compared.

Flgures L1 and 1.2 show the peak acceleratlon and dlsplacement values for the three
analyses in which the time increment was varied, while Figures 1.3 and 1.4 show the acceleration
and displacement time histories. The results show that the accelerations and displacements
calculated in the ABAQUS analyses do more closely match the measured values as the time
increment decreases, but the values shown for the CPU time required to complete the analyses .
showed a marked increase in computation time as the time increment was reduced. When a .01
second time increment was used the required CPU time was 557 seconds(=10 minutes). This is
more CPU time that was required in any of the modal dynamic analyses, but is still not an -
unreasonable time period. When the time increment was decreased to .003 seconds the CPU
time increased to 1441 seconds(=24 minutes). When the time increment was further decreased to

.0001 sec the CPU time was 39564 seconds(=11. ‘hours). S

The CPU times reported here are the time used when the workstations CPU was actually
working on this job. The workstation used for this study was far from a single user machine.
When several Jobs are running on the system at the same time the CPU cycles through them; they
share the processing time. -As a result during the course of this study processes reporting CPU
times of =557 seconds actually took =24 hours to complete, and jobs requiring 11 hours of CPU
time actually took 4 or 5 days to complete. Therefore considering the amount of improvement in
the results and the additional time required | when the analysis time mcrement was decreased, a
time increment of .01 seconds was considered satisfactory for tlus analysxs S

The second method of controllmg the analys:s tlme mcrement is to use the “Haﬁol"
parameter for the automatic time incrementation scheme. The Haftol parameter is set equal to :
the half-step residual tolerance. The Haftol parameter has dimension of force and can be chosen
by comparison with typical actual force values, such as applied forces or expected reaction .
forces. The ABAQUS program manual offers the following guidelines : * For problems where
considerable plasticity or other dissipation is expected to damp out the hlgh frequency response _
choose Haftol as 10 to 100 times typical actual force values for moderate accuracy and low cost;
choose Haftol as 1 to 10 times typical actual force values for higher accuracy. For elastic cases
with little damping Haftol values should be smaller than recommended above. ' Choose Haftol as
1 to 10 times typical actual force values for moderate accuracy; choose Haftol as 0.1 to 1 times
actual force values for higher accuracy.”(5][6] In dynamic analyses the typlcal(average) force
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applied to the structure is not always obvious. In the case of the Koyna laboratory model study a
value for the applied force could be approximated as the mass of the model(17.16 slugs) times
‘the peak acceleration of input record SHAKEA(38.64 in/s?), which results in a value of 663
pounds force. Therefore the use of a Haftol parameter equal to 60 to 600 should produce accurate
results for the linear elastic analyses. When the Haftol parameter is selected the program uses an
automatic time incrementation method. In this case the program monitors the equilibrium .
residual error(out-of-balance forces) halfway through each time increment and adjusts the time
increment accordingly. So if the “half-step residual” is small, it indicates that the accuracy of the
solution is high and the time step is automatically increased. If the half-step residual is large,
then the time step used in the solution is automatically reduced.

In this study the Koyna model, using Mesh#3 with an elastic modulus of 210 ksi and a
material density of 140 pcf, was analyzed using three different values for the Haftol parameter: 5,
50, and 500. Accelerations, Displacements and CPU times were compared. Figures 1.5 and 1.6
show the peak acceleration and displacement values resulting from these analyses. Figures 1.7
and L8 show the acceleration and displacement time histories. Again the resulting peak
accelerations and displacements more closely approach the measured values as the Haftol
parameter is reduced, but the CPU time was also greatly increased. The CPU time required when
the analysis was completed using a Haftol parameter of 500 was 785 seconds(=13 hours), while
the CPU time required when the analysis was completed using a Haftol parameter of 5 was 3179
seconds(=53 hours).

V1.7 Comparison of Modal, Implicit and Explicit Dynamic Analyses Procedures

In the ABAQUSS finite element program there are several procedures available for
performing dynamic analyses, three of which are the modal, implicit and explicit dynamic
analysis procedures. The modal dynamic procedure calculates dynamic time history response for
linear problems using the principals of modal superposition. A frequency extraction must be
performed prior to performing the modal dynamic analysis since the structures’s response is
based on the natural modes of the system. As long as the system is linear and is represented
correctly by the modes being used the method is very accurate and is usually less expense than
the direct integration methods. The implicit dynamic analysis procedure(available in
ABAQUS/Standard) and the explicit dynamic analysis procedure(available in
ABAQUS/Explicit) differ in the choice of operator used to integrate the equations of motion.
The implicit procedure uses the Hilber-Hughes-Taylor operator, which must be inverted and a set
of simultaneous linear(or non-linear) dynamic equilibrium equations must be solved at each time
increment. This is done iteratively using Newton’s method. This can be computationally
expensive, but it has an advantage in that the Hilber-Hughes-Taylor operator is unconditionally
stable for linear systems so there is no upper limit on the time increment size. In the implicit
procedure the dynamic qualities solved at time (t +at) are based both on their values at t and on
their values at (t +at). On the other hand, the explicit dynamic analysis procedure obtains the
values for dynamic quantities at (t +at) based entirely on avaitable values at time t.

Displacement and velocities are calculated in terms of quantities that are known at the beginning
of an increment, the global mass and stiffness matrices need not be formed and inverted as in the
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implicit integration scheme, therefore the explicit procedure tends to be less expense. The
explicit method uses a central difference operator for integration of the equations of motion. The
central difference operator is only conditionally stable, the stability limit being approximately
equal to the time required for an elastic wave to cross the smallcst element dimension in the
model.[5][4]

- In this study the Koyna monolithic model was analyzed using each of these three
methods. One second of the SHAKEA input record(279 to 280 seconds) was used for the
dynamic loading. The elastic modulus was 210 ksi and the density was 140 pcf. The resulting
accelerations, displacements and required CPU times were compared. Figures J.1 and J.2 show
the peak accelerations and displacements. Figures J.3 and J.4 show the acceleration and :
displacement time histories. The peak accelerations and displacements were very similar from
all three analyses. The CPU times required for the Modal and Explicit analyses were similar,
264 seconds and 203 seconds respectively, while the required CPU time for the Implicit analysis
was much longer(3179 seconds).

VII. NON-LINEAR ANALYSES

- A thorough investigation of the concrete non-linear material properties is beyond the
scope of this report. The following non-linear mesh sensitivity study is presented here only for
comparison with the linear elastic mesh sensitivity study. There were two issues evaluated in this
study. The first was to determine to what extent tied contact surfaces, used to change mesh
density, influence results in a non-linear concrete cracking analysis. The second was to
determine the sensitivity of cracking predictions to variation in mesh density where no contact
surfaces were used.

The ABAQUS/Explicit dynamic analysis procedure was used for this study. Four
different meshes were used to analyze the uncracked Koyna model. The first meshes used tied
contact surfaces to change the mesh density near the area where cracking was expected to
occur(Mesh#1 and Mesh#2), while the third and fourth meshes(Mesh#3 and Mesh#5) used no
contact surfaces. The same material properties, boundary conditions and loads were used for
these three analysis. Each model was analyzed to the point at which complete failure of the
structure occurred. Cracking patterns, times at which failure was predicted were compared to
laboratory observations of the test in which the monolithic (uncracked) Koyna model was shaken
to failure.

A static gravity load was applied in the first second followed by a 280 second dynamic
loading. The 14 Hz sinusoidal input motion, which was used to shake the laboratory model to
failure (Record SHAKEB), was used for these comparisons. The input acceleration was applied
in the upstream-downstream direction only. The entire laboratory test input record is 480 seconds
long. For this comparison only the last half of the record was used(from 200 to 480 seconds).
The amplitude of the input motion is 1.2 g at 200 sec and increases in steps 0f 0.2 g
approximately every 25 seconds.
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Cracking patterns, time of crack initiation, and time of model failure are shown in figures
K.1 through K.4 for each of the four mesh definitions. Mesh#1 resulted in crack initiation at 206
sec, which is very early in the input record considering that the laboratory model cracked and
then reached failure at around 480 sec. Figure K.1 also shows that the cracks developed along the
tied contact surfaces. The analysis of Mesh#1 reached a complete failure at 212 sec. Mesh#2
resulted in crack initiation at 222 seconds, which was also premature. Figure K.2 shows that the
crack pattern developed along the tied contact surfaces even when the tied surface was moved
farther away from the change in slope on the downstream face. The analysis of Mesh#2 reached
completed failure at 235 seconds. Mesh#3 resulted in crack initiation at 401 seconds, which
seems much more reasonable. Cracking developed first on the downstream face at the change in
slope, then proceeded through the model in the upstream-downstream direction curving
downward slightly until the upstream face was reached at 402 seconds and failure was indicated.
This cracking pattem is very reasonable and compares well to laboratory observations. Figure
C.8 shows the cracking pattemn which resulted from the laboratory test.

The results of this study indicate that tied surfaces should not be used for any non-linear
cracking analysis of concrete structures. Stress concentrations appear to develop along the tied
surfaces causing cracks to develop which would not occur in a model without tied surfaces under
the same loading conditions. The two mesh definitions without tied surfaces produced very
similar results in terms of both the time of crack initiation and crack orientation. These results
~ suggest that a fairly coarse mesh can be used to analyze non-linear concrete cracking in the

ABAQUS/Explicit program.
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VII CONCLUSIONS AND RECOMMENDATIONS

1) The linear elastic material properties of the monolithic Koyna model were successfully
calibrated primarily through comparisons of natural frequencies, as calculated in the ABAQUS
finite element code, and the resonant frequencies identified from the measured acceleration time
history records, and secondarily, through direct comparisons of calculated and measured
accelerations and displacements. The most appropriate linear elastic material property set
consisted of a dynamic modulus equal to 210 ksi with a material density equal to 140 pcf. The
results of this study confirmed that it is very important that the most appropriate value for the
dynamic modulus be identified for use in analyzing dams under seismic loading, since the
dynamic modulus greatly influences the results. The reason for the decrease in modulus
observed in the rapid compression test values still needs to be understood. Whenever forced
vibration tests at a dam are available their results should be used to calibrate/verify the value
concrete modulus used for the dynamic analysm regardless of whether linear e!astlc or non-lmear
analysis methods will be used. _

2) The analysts choice of mesh definition also has a significant effect on results. The use
of tied contact surfaces to vary mesh density in localized regions is not recommended for either
linear elastic or nonlinear cracking analyses. Stress concentrations tend to develop along the tied
contact surfaces. It may be possible to effectively use tied contact surfaces for linear elastic
analyses providing that the they are positioned relatively far away from areas of interest, but they
should not be used in non-linear analyses where cracking is important. Variables calculated at
element integration points, such as stresses and strains, are sensitive to mesh density regardless -
of whether or not tied surfaces are included in the mesh design. Stress levels may be
significantly underestimated if too coarse of a mesh definition is selected. Mesh density studies
can be used to determine the minimum required density for convergence of results, but the time -
involved in conducting such studies is often a limiting factor. Therefore the energy terms area
particularly useful tool for determination of acceptable mesh density. _

3) Selection of a an appropriate analysis time increment size is also critical to obtaining
reliable results in a reasonable time frame. It is recommended that the Haftol parameter be used
to allow the program to automatically select the analysis time increment, except when the modal
dynamic procedure is used in which case the time increment of the input record should be used -
as the analysis increment. Sensitivity studies may still be required to determine the appropnate
force tolerance value for a given analysis even when the automatic time increment option is used,
but these could be completed using a very short time period selected from the input record.

4) The ultimate goal of the shaking table test program is to develop a correlation between
the material testing program and the material property requirements of the non-linear numerical
concrete cracking model used in the ABAQUS finite element code. In the current phase of the
project the linear elastic material properties were successfully calibrated and the effects of
various mesh configurations and analysis parameters were investigated. In future work,
development of the nonlinear material properties required needs to be completed.
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Appendix A
Laboratory Material Property Test Results
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Appendex B -Laboratory Test Set-Up
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Ap.pendix C 7
Laboratory Shake Test Results
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(inch/secA2)

XHIN .000B+00
XHAX 4.722E+02
YHUIN -1.009R+04
YMAX 1.0039B+04

-1.0

<1.5

1 1 1 1 1 1 b

0., 40. 80. 120.160.200.240.280.320.360.dOO.AtOdéO.
Time (aec)

ABAQUS

2.0

[x10%]

Up/downstream 1.0
Acceleration
Measured at Model Bases

XMAX  4.732B+02
YUIN -1.512B+03

(inch/secA2) .0

XMIN  .000B+00 1.5

YHAX 1.003E+08 2.0

1 1 1 1

"0. 40. 8O. 120.160.200.240.280.320.360.400.440480.
Time (sec)

ABAQUS

2.0 T T T
[x10%]
——— ACCELS 1.5k
vertical 1.0
Acceleration
Input Record SHAKEB  .5p-
Acceleromster #8
{inch/3secA2) .Okssa C it
=5
~1.0p
XHIN  .000E+00 -1.5p-
XMAX 4.722B+02
YMIN -9,513E+02
YHAX 1.888E+03 -2. 1 1 1 1 1 1 1
0. 40. 80. 120.160.200.240.280.320.360.400.440480.

Tima (sec)




ABAQUS ABAQUS

ot 1.0F 7 T T T T T T T T T T 1
+ 00|
Up/downsteam Up/downsteam .5l R
Displacement Displacement ’
Input Motion SHAKEB, q,f Input Motion SHAKEB
LVDT # 1
(inches) LVDT # 2
-.08 (inches)
-.12 -.50 -4
XMIN  .000B+00 -.16 XM .000E+00
XMAX 4.722B+02 . XMAX 4.722B+02
YMIN -1.811E-01 YMIN -1,024B+00
YMAX 4.953B-02 1 1 1 (] I 1 /] L ] 1 1 YMAX 1.024B+00 (] 1 ] 1 ] 1 1 1 1 1 1 2

40. 80. 120.160.200.240.280.320.360.400.440480.
Time (sec)

0. 40. 80, 120.160,200.240.280.320.360.400.440480.
Time (sec)

Lo @anbta

ABAQUS ABAQUS

.10 .10
.05 . 08|
Up/downsteam Up/downsteam
.00
Displacement Displacement 00
Input Motion SHAKEB Input Motion SHAKEB
LVDT # 3 --05)F LVDT # 4
{inches) (inches) .08
©.10)
i -.10
-.1T 1 .
- 201 - -.15]
XMIN  .000R+00 OIN  .000E+00
YXMAX 4.722B+402 XMAX 4.722E+02
YMIM -2.543R-01 ' YMIN -1.024B+00
s YMAX 9.331E-02 RS S TR TS WU TR SEUUUE MU SUNU SR S R - YMAX 9:331E-02 JRPY N TR NN SO N R NON N B S S
0. 40. B0. 120.160,200,240,280,320.360.400.4£0480, 0. 40. BO. 120.160.200.240,280.320.360.400.440480.

Time (sec) Time (sec)
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Koyna Laboratory Model Test
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Appehdix D
ABAQUS Finite Element Models
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study

Used to Evaluate

Linear and Non-linear

Material Propertys

For
ABAQUS STANDARD & EXPLICIT

Determination of Mesh Semsitivity
Non-linear Material Propertys

Failure Stress = 55 psi

Mode I Fracture Energy = 0.2012

Crack Opening Strain = .001375

ABAQUS

TR Finite Element Mesh #1
Uses Two Tied Contact Surfaces
To change Mesh Density

ST A

H I A A ARG

ABAQUS

A Finite Element Mesh #2
U l Uses Two Tied Contact Surfaces
To change Mesh Density

ABAQUS

T Finite Element Mesh #3
“n Does Not Use Tied Contact Suxfaces
it . To change Mash Density

x%h
A NG
r?%u ({5&" A
A ke
AR

e
~




ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Used to Evaluate
Linear and Non-linear
Material Propertys
For
ABAQUS STANDARD & EXPLICIT

Determination of Mesh Sensitivity

ABAQUS

Finite Element Mesh #4

¢p =anbtd

ABAQUS

Finite Element Mesh #5
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3 A SR
| REEEA R e G ka
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ABAQUS

Finite Element Mesh #6
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ABAQUS

Koyna  Laboratory Model Study
Locations of Instrumentation
Uncracked Model Study

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh #1 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelerometer ACCELOS8

Laboratory Test Model

Corresponding
Instrument Elevation Face Node
Accel04 49.6 inches Upstream 503
Accel05 71.5 inches Upstream 1534
Accel06 81.6 inches Upstream 1955
Accel07 103.6 inches Upstream 2075
Accel(8 103.6 inches Top 2085
LVDTO1 23.6 inches Downstream 298
LVDT02 49.6 inches Upstream 503 -
LVDT03 61.6 inches Downstream 1135
LVDT04 90.1 inches Downstream 2010

Plgn—%iew - Node 2085 - Center of Top Face

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #1 )

Elev., View - Vertical Face
Used for Comparisons of

Disp. and Accel. Time Histories
Horizontal Accelerometers

f: Node Elevation
z 2075 103.6 inches
T 1955 82.3 inches
3 1534 70.9 inches
2 b | 503 50.9 inches

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #1 )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT’s

Node Elevation

2010 87.6 inches
1135 60.8 inches
298 23.6 inches




ABAQUS

Koyna  Laboratory Model Study
Loocations of Instrumentation
Uncracked Model Study

Laboratory Test Model

Corresponding

Instrument Elevation Face Node
Accel04 49.6 inches Upstream 118
Accel(5 71.5 inches Upstream 267
Accel(6 81.6 inches Upstream 610
Accell7- 103.6 inches Upstream 707
Accel(8 103.6 inches Top 717
LVDT01 23.6 inches Downstream 8
LVDT02 49.6 inches Upstream 118
LVDTO03 61.6 inches Downstream 407
LVDTO04 90.1 inches Downstream 762

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh #2 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelerometer ACCELO08

Plgn—View - Node 717 - Center of Top Face

gp @anbta

ABAQUS

D

SEERNSDISOERS
Rl EROIBEED
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feseal

: SRl o S

et o

Location of Nodes in

ABAQUS Model ( Mesh #2 )

Elev. View - Vertical Face
Used for Comparisons of

Disp. and Accel. Time Histories
Horizontal Accelerometers

Node Elevation

707 103.6 inches
610 82.3 inches
267 70.9 inches
118 43.1 inches

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #2 )

Elev., View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT'’s

Node Elevation

762 95.1 inches
407 63.2 inches
8 23.6 inches




ABAQUS

Koyna , Labor
Locations o

Uncracked Model Study

Laboratory Test Model

Instrument Elevation

Accel04
Accel05
Accel(6
Accel07
Accel08

LVDTO1l
LVDTO02
LVDTO03
LVDTO04

49.6
71.5
81.6
103.6
103.6

23.6
49.6
61.6
90.1

inches
inches
inches
inches
inches

inches
inches
inches
inches

atory Model Study
f Instrumentation

Corresponding
Face Node
Upstream 519
Upstream 419
Upstream 204
Upstream 176
Top 179
Downstream 859
Upstream 519
Downstream 511
Downstream 196

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh#3 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelerometer ACCELOS

PlEn—%iew - Node 179 - Center of Top Face

9p =anb1g

ABAQUS

R SRR

i
19
i
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Hg

Location of Nodes in

ABAQUS Model ( Mesh #3 )

Elev. View - Vertical Face
Used for Comparisons of

Disp. and Accel. Time Histories
Horizontal Accelerometers

Node Elevation

176 103.6 inches
204 80.6 inches
491 72.3 inches
519 48.6 inches

ABAQUS

Location of Nodes in
EARRYE ABAQUS Model ( Meshi3 )
RuBaEy Elev. View
HEE G Downstream (Sloped) Face
TLE Used for Comparisons of
- Disp. and Accel. Time Histories

Horizontal LVDT'S

Node Elevation

196 90.1 inches
511 61.6 inches
859 23.6 inches
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ABAQUS

Accel04
Accel05
Accel06
Accel07
Accel08

LVDTO1
LVDT02
LVDTO3
LVDT04

49.6
71.5
81.6
103.6
103.6

23.6
49.6
61.6
90.1

Laboratory Test Model

Instrument Elevation

inches
inches
inches
inches
inches

inches
inches
inches
inches

Koyna  Laboratory Model Study
Locations of Instrumentation
Uncracked Model Study

Corresponding

Face Node
Upstream 118
Upstream 267
Upstream 610
Upstream 707
Top 717
Downstream 8
Upstream 118
Downstream 407
Downstream 762

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh #4 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelerometer ACCELOS

JEEEERERs R kb s e
) ) i e R 0 e e R B T B R a
9 )

Pz B S R

2 & B ki e
R 1 O e Bl

B B 02 Gl

Plgn—%iew - Node 401 - Center of Top Face

ABAQUS

44
1]
n
n
n
"
"
3
"
R
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n
n
0
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2QESUSARSIRD
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Location of Nodes in

ABAQUS Model ( Mesh #2 )

Elev. View - Vertical Face
Used for Comparisons of

pisp. and Accel. Time Histories
Horizontal Accelerometers

Node
397
469
1621
1693

Elevation
103.6 inches
. 82.2 inches
71.6 inches
50.3 inches

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #4 )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT's

Node Elevation
H 450 90.3 inches
Logild 1665 60.9 inches
T » 2788 23.6 inches
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ABAQUS

Koyna K Laboratory Model Study
Locations of Instrumentation
Uncracked Model Study

Laboratory Test Model

Corresponding

Instrument Elevation Face Node
Accel04 49.6 inches Upstream 118
Accel05 71.5 inches Upstream 267
Accell6 - B81.6 inches Upstream 610
Accel07 103.6 inches Upstream 707
Accel08 103.6 inches Top 717
LVDT01 23.6 inches Downstream 8
LVDT02 49.6 inches Upstream 118
LVDTO03 61.6 inches Downstream 407
LVDT04 90,1 inches Downstream 762

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh #5 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelerometer ACCEL08S

] o
Plgn—%iew - Node 22 - Center of Top Face

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #5 )

Elev. View - Vertical Face
Used for Comparisons of

Disp. and Accel. Time Histories
Horizontal Accelerometers

Node Elevation
21 103.6 inches
33 83.6 inches
85 70.7 inches
97 46.4 inches

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #5 )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT’Ss

Node Elevation
32 90.3 inches
92 63.8 inches
173 23.6 inches
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ABAQUS

Koyna, Laboratory Model Study

Locations of

Instrumentation

Uncracked Model Study

Laboratory Test Model

Instrument Elevation

Accel(4
Accel(5
Accel06
Accel07
AccellB

LVDTO1
LVDTO02
LVDT03
LVDT04

Corresponding
Face Node
49.6 inches Upstream 196
71.5 inches Upstream 104
81.6 inches Upstream 124
103.6 inches Upstream 163
103.6 inches Top 165
23.6 inches Downstream 289
49.6 inches Upstream 196
61.6 inches Downstream 232
90.1 inches Downstream 140

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh#6 )
Used for Comparisons ‘
of Disp. and Accel. Time Histories

Vertical Accelerometer ACCELO0S

o

jew - Node 165 - Center of Top Face

ABAQUS

Location of Nodes in

ABRAQUS Model ( Mesh #6 )

Elev. View - Vertical Face
Used for Comparisons of

pisp. and Accel. Time Histories
Horizontal Accelerometers

Node Elevation

163 103.6 inches
124 80.8 inches
104 71.5 inches
196 49.8 inches

ABAQUS

EBERIER
REE ey o

EER]
B

B
=
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ERER
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i EEr

Location of Nodes in

ABAQUS Model ( Mesh#6 )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT'S

Node Elevation

140 92.8 inches
232 62.5 inches
289 23.6 inches




Appendix E
Sensitivity of Results to the
Number of Modes Extracted in the
'Frequency Analysis
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ABAQUS

ACTLVDT

.10

LVDT Displacement

Record In

Actuator

(inches)

XMIN .000E+00
XMAX 4,862E+02
YMIN -1.056E-01
yMAX 1.397E-01

Displacement

.05

.00

-.05

I | 1 1 I ] | | | T

80.

120. 160. 200. 240. 280. 320. 360. 400. 440. 480.

Time (sec)




Uncracked Koyna Laboratory Study
Determination of the Number of Modes Required

Number of Modes Included in Analysis

Mesh#3
Material Properties
E = 150 ksi Damping = 5% critical
Material Density = 138.2 pcf Rayleigh Damping Factors
Alpha=2.827433,Beta=.000318
Peak Accelerations
Number of Modes Varied
80
Accel#7
—a |

70 = =
&
g
S 60
3 A 5 )]
é Accel#5 4
8 *—o

50 . .

A—&k—
Accel#4
40
0 5 10 15 20 25

Peak Accelerations (inch /sec*2)

Number of Modes Used 2 3 10 20 LAB
Accel#? 71.71 71.71 69.98 69.99 53.26
Accel#it 57.60 57.66 57.99 57.99 51.72
Accel#5 53.67 53.67 54.55 54.64 49.26
Accelitd 47.89 47.89 49.35 49.56 47.72

CPU Time (sec) 53.04 56.91 163.21 210.94

Figure e2




Material Properties

E = 150 ksi
IMaterial Density = 138.2 pcf

Uncracked Koyna Laboratory Study
Determination of the Number of Modes Required

Mesh#3

Peak Displacements

Damping = 5% critical

Rayleigh Damping Factors
Alpha=2.827433,Beta=.000318

Number of Mades Varied
2.5
— LvDT#4
- —a— —m
2
- n
2 —
E 215
2 2 L
[+] —
g§F -
) L D R [
a —  LvVDT#3 ISty {
n & -]
0.5 I
[ LVDT#2
. C
0 5 10 15 20 25
Number of Modes Included in Analysis
Peak Displacements (inches) .

Number of Modes Used 2 3 10 20 LAB
LVDT#4 2.2E-03 2.2E-03 2.1E-03 2.1E-03 7.2E-04
LVDT#3 6.3E-04 6.3E-04| 7.9E-04 7.9E-04 3.1E-04
LVDT#2 3.4E-04 3.4E-04 4.7E-04 4,8E-04 2.1E-04

Figure e3




ABAQUS ABAQUS

Number of Modes Ext%cted in Frequency Analysis Varied Number of Modes Extracted in Frequency Analysis Varied
. T T T T T ) T T
—— 3_MODES_176 ~— 3_}MODES_204
—— 10_MODES_176 ~—— 10_MODBS_204
—— 20_MODES_176 ~——— 20_}ODBS_204 40.
—— LAB 40. —— LB

Linear Elastic
lMaterial Properties o.
STANDARD Analyses
Uncracked Meodel
Acceleration

at ACCEL#7 -40,
Hodal Damping, 5%
Dansity = 138 pof

Linear Elastic
Material Properties o.
STANDARD Analysea
Uncracked Model
Accaeleration

at ACCEL#6

" Hodal Damplng, 5%
Density = 138 pcf

-40.

Input Preq = 14 Hz FPilooana:Si) Input Freq = 14 Hz Filenans:SHAKEA

Total Timo s 379.75 to 280 woc .gp, 1 1 Il 1 Total Time s 273.75 to 280 aec | 1 1 1
»75 .80 .85 .90 .95 1.00 .75 .80 .85 .80 .95 1.00
STEP TIME STEP TIMB
ABAQUS Modal Dynamic Anslyses ve Laboratory Measurements ABAQUS Modal Dynawmic Analyses v Laboxatory Measurements

po =anbta

ABAQUS ABAQUS

Number of Modes Extracted in Frequency Analysis Varied Number of Modes Extracted in Frequency Analysis Varied
N T T T T T T T T
—— 3_0DBS_491 —— 3 McoBs 519 | 40 h
——— 10_MODES_491 40. ——- 10_MODES_519
——— 20.MODES_391 ——= 20_}MODBS_519
-—— LAB — LaB

20.

Linear Elastic
Material Properties o.
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#4

Modal Dasping, 5%
Deasity = 138 pcf

Linear Elastic
Material Properties o.
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#5

Hodal Damplng, 5%

Density = 138 pof

-20.

-40.

-40.
Input Proq = 14 Hz Filenamas6i) Input Freq = 14 H2 Filename:Si

1 1 1 1 Total Tias & 279.75 to 380 sec 1
.75 .80 .85 .90 .95 1.00 .75 .80 .85 .90 .95 1.00
STEP TIME STBP TIMB

ABAQUS Nodalvnynnlu Analyses va Laboratory Measureasats ABAQUS Modal Dynamic Analyses va Laboratory Measureaeats

Total Tins s 379.75 to 280 sec




Appendix F -
Sensitivity to Variation in Mesh Definition



Material Properties

Elastic Modulus = 150,000 psi
Material Density = 138.2 pcf

Uncracked Koyna Laboratory Study
Determination of Mesh Sensitivity
Six Different Mesh Densities Evaluated

Damping = 5% critical
Rayleigh Damping Factors
Alpha = 2.827433; Beta = .000318

Natural Frequencies (Hz)

Mode Mesh#5 Meshitb Mesh#2 Meshit Mesh#3 Mesh#4
1 14.1 14.8 154 15.5 16.7 15.7
2 28.7 29.2 29.0 29.3 299 30.2
3 33.7 49.4 43.6 53.8 54.2 54.4
4 38.0 55.9 51.3 68.3 64.5 70.2
5 405 57.8 52.4 746 67.3 76.3
6 427 59.8 58.2 88.5 69.4 78.5
7 46.9 60.3 59.3 90.5 73.7 81.5
8 48.4 63.0 67.2 91.2 74.6 84.7
9 49.1 63.2 746 93.3 75.4 88.2
10 49.1 66.7 88.6 94.0 76.8 91.2
Peak Accelerations (inch/sec*2)

Instrument Mesh#5 Mesh#6 Meshi#2 Mesh#1 Mesh#3 Mesh#4
Accel#7 71.0 714 69.5 70.2 70.0 69.4
Accel#6 58.8 575 58.4 58.5 58.0 58.8
Accel#bs 52.9 53.3 545 54.3 54.6 54.6
Accel#4 479 48.2 48.4 49.8 494 49.9

Peak Displacements ( inches )

Instrument Mesh#5 Meshi#6 Meshi2 Mesh#1 Mesh#3 Mesh#4
LVDT#4 2.5E-03 2.5E-03 2.6E-03 2.1E-03 2.1E-03 2.1E-03
LVDT#3 8.2E-04 7.3E-04 9.0E-04 7.8E-04 7.9E-04 7.6E-04
LVDT#2 1.5E-04 4.1E-04 3.7E-04 5.4E-04 4.7E-04 5.1E-04

CPU Seconds
Meshi#5 Mesh#6 Meshi2 “Meshi# Mesh#3 Meshi#4
CPU Sec 20.48 105.79| - 208.34 895.43 163.21 446.58

Figure f1l
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ABAQUS

Mesh Sensitivity

80.1~

—— MESH1_2075
—— HMESH2.707
—— MBSH3_176
—— MBSH4_397 0.
- MESHS_21
~—— MESH6_163
— LaB

Linear Elastic 0.
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration -40.
at ACCEL#7

Modal Danping, 5%

Density=138 pcf, B = 150 ksf

Pilename:EHAKEA, Input rxeq'g

Total Time s 379.75 to 280 sec

!
.92

1
<94 .96 .98 1.00

STEP TIMB

ABAQUS Modal Dynamic Analyses & Laboratory Measurements

ABAQUS

Mesh Sensitivi

MBSH1_1955
MESH2_610
MBSH3_204 0.
MESH4_469
MBSH5_33
MESH6_124
LAB

i
i
i
i

Linear Elastic 0.
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#6 -40.
Modal Damping, S%

Density=138 pcf, B = 150 ksi
Pilenames SHAKEBA, Input Freq = 1

.90

Total Tias 1 379.75 to 280 sec

t
.92

STEP TIMB

ABAQUS Modal Dynamic Analyses & Laboratory Measurements

1
.94 «96

.98

ABAQUS

s+ .

Mesh Sensitivi

[

MBSH1_1534
MESH2_267 40.
MESH3_491
MBSH4_1621
MBSHS_B85
MESH6_104
LAB

T

Linear Elastia.
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#5

Modal Damping, 5%

Density=138 pcf, E = 150 ksl
FilecameiBHAKEA, Input Freq = 1

-40.

1

-90

Total Time & 179.75 to 280 soc

.92

L 1 1
.94 .96 .98 1.00

STEP TIMB

ABAQUS MOdal Dynamic Analysas & Laboratory Measuradents

ABAQUS

Mesh Sensitivi

—— MBSH1_503 40,
—— MESH2_118
—— MBSH3_519
—— MESH4_1693
~=  MBSHS_97 20,
—— MESH6_196
—— LaB

Linear Elastic 0.
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#4

Hodal Damping, 5%

-20.

-40.p
Density=138 pcf, B = 150 ksl

Fllename:SEAKEA, Input Freq = 1

M2

.80

Total Tias s 275.75 to 280 sec

.92

1
«94 .96
STBP TIMB

ABAQUS Modal Dynamic Analyses & Laboratory Neasureaents

.98
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Mesh Density

Comparison of Displacements
ABAQUS STANDARD
Modal Dynamic Analysis

Input Record SHAKEA
Modal Damping, 3.5%
Elastic Modulus = 150 ksi
Density = 138.2 pcf

ABAQUS

Mesh Sensitivity

%10"%}

MBSH1_2010
MBSH2_762 |- 2.
MBSH3_196
MESH4_450
MESH5_32
MESH6_140
LARD4

T

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model 2.
Displacement

at LVDT#4

-4,
1 ] 1

!

.90 .92 .94 .96 .98
STEP TIMB

ABAQUS Modal Dynamic Analyses & Laboratory Measurements

Total Tims : 279.90 to 280 sec

1.00

‘Linear Elastic

ABAQUS

Mesh Sensitivity
[x10°3]

MESH1_113S
MESH2_407
MBESH3_511
MBSH4_1665
MBSH5_92
MBSH6_232
LABD3

Material Properties
STANDARD Analyses
Uncracked Model
Displacement
at LVDT#3

-1.0+

] ]
.90 .92 .94 .96 .98

Total Tima s 279.90 to 280 soc
STEP TIMB

ABAQUS Modal Dynamic Analyses & Laboratory Measurements

1.00

ABAQUS

Mesh Sensitivity

.5

-3
vesH1_so3 X107
MESH2_118
MBSH3_519
MESH_1693
MESHS_79
MESH6_196
LABD2

[T

.0
Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at LVDT#2 ..5

1

1
.90 .92 .94 .96 .98
STEP TIMB

‘Total Tima & 379,90 to 380 sec

ABAQUS Modal Dynamic Analyses & Laboratory Measurements

1.00




Uncracked Koyna Laboratory Study
Determination of Mesh Sensitivity
Six Different Mesh Densities Evalusted

Material Properties
Elastic Modulus = 150,000 psi Damping = 5% of critical
Material Density = 138.2 pcf Rayleigh Damping Factors
Alpha = 2.827433; Beta = .000318

Whole Model Energy Quantities

"Artificial™ Total Kinetic External Total
Strain Energy Strain Energy Work Energy
"hourglass control” Energy Balence

Meshit1

' Static 0.00496 2.45500 0.00000 2.45500 -0.00001500

Dynamig 0.00000 2.45500 0.00646 2.72500 -0.00001500

Response Spectrum 0.00000 1 .80009 0.00000 0.00000 -0.00000841
Meshit2

Static 0.01096 2.55300 0.00000 2.55300 -0.00001600

Dynamid 0.00000 2.55300 0.00728 0.67020 -0.00001600

Response Spectrum 0.00000 1.87000 0.00000 0.00000 -0.00000851
Meshi#3

Static 0.00981 2.51600 0.00000 2.51600 -0.00001600

Dynamic 0.00000 2.51600 0.00568 0.55240 -0.00001600

Response Spectrum 0.00000 1.84000 0.00000 0.00000 -0.00000853

Mesh#4 ,

Static 0.00552 2.51600 0.00000 2.51600 -0.00001600

Dynamid 0.00000 2.51600 0.00538 2.63800 -0.00001600

Response Spectrum 0.00000 1.84000 0.00000 0.00000 -0.00000867
Mesh#5

Statid 0.02687 2.53900 0.00000 2.53900 -0.00001490

Dynamicg 0.00000 2.53900 0.00793 -0.57200 -0.00001490

Rasponse Spectrum 0.00000 1.86000 0.00000 0.00000 -0.00000795
Mesh#6

Static 0.15860 4.43900 0.00000 4.43900 -0.00002500

Dynamid 0.00000 4.43900 0.00716 4.43900 -0.00002500

Response Spectrum 0.00000 3.25400 0.00000 0.00000 -0.00001327

Figure f4
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Response Spectrum Analysis
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Response Spectrum Analysis
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Response Spectrum Analysis
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Uncracked Koyna Laboratory Study
Sensitivity to Variation in Elastic Modulus

Mesh#3
Material Properties
E = (90, 113, 120, 157, 200, 300, 350 ksi ) Damping = 3.5% critical
Material Density = 138.2 pcf Rayleigh Damping Factors

Alpha = 1.954769; Beta = .000248

Natural Frequencies

Elastic Modulus Varied
120 -
E
100 = —
E "/"‘w V 2
80 — —= ———=
L e - L
N - e T
T — - = e
z E P T
& — P S
g 60— —t —
o A S
[ — P
5 = % ,o"°"'
w0 o7
2 = L.—-/ D —_—
= -
o E
50 100 150 200 250 300 350 400
Elastic Modulus (ksi)
Natural Frequencies (Hz)
Mode 90 113 120 157 200 300 350 LAB
1 121 13.6 14.0 16.0 18.0 22.2 23.9 18.0
2 23.2 26.0 26.8 30.6 34.6 424 457 240
3 41.9 47.0 48.4 55.4 62.5 76.6 82.7 30.0
4 49.9 55.9 57.6 65.9 74.4 91.1 98.4
5 52.1 58.4 60.2 68.8 777 95.2 102.8
6 53.8 60.2 62.1 710 80.1 98.1 106.0
7 571 64.0 65.9 754 85.1 104.2 1126
8 57.8 64.8 66.8 76.4 86.2 105.6 114.0
9 58.4 65.4 67.4 7741 87.0 106.6 1151
10 59.5 66.7 68.7 ) 786 88.7 108.7 117.4

Figure gl




Material Properties

90

Uncracked Koyna Laboratory Study
Sensitivity to Variation in Elastic Modulus

E = (113, 120, 157, 200, 300, 350 ksi )
Material Density = 138.2 pcf

Mesh#3

Damping = 3.5% critical
Rayleigh Damping Factors

Alpha = 1.954769; Beta =.000248

Peak Accelerations
Elastic Modulus Varied

Acceleration (in/s*2)

40

100

200

Elastic Modulus ( ksi )

300

400

Peak Accelerations (inch /sec”2)

113 120 157 200 300 350 LAB
Accel#7 79.31 7.1 68.75 64.53 57.14 57.39 53.26
Accel#6 63.80 61.74 57.19 54.46 50.50 49.85 51.72
Accel#5 60.60 58.90 54.54 53.34 49.42 48.51 49.26
Accel#4 52.28 51.69 49.47 49.50 46.97 46.47 47.72

Figure g2




Material Properties

Uncracked Koyna Laboratory Study \
Sensitivity to Variation in Elastic Modulus
Mesh#3

E = (113, 120, 157, 200, 300, 350 ksi )
Material Density = 138.2 pcf

Damping = 3.5

% critical

Rayleigh Damping Factors
Alpha = 1.954769; Beta =.000248

Peak Displacements

Elastic Modulus Varied

— W LVDT#4
3
@ —
£ =
g« B
= g -
82 8 =
& g 2
§ 38 E
g8 F =
I3 —
= , E_e-bwoTi
= T [
HLVDT#2 D G
0 = i
100 200 300 400
Elastic Modulus ( ksi )
Peak Displacements ( inches
113 120 157 200 300 350 |LAB
LVDT#4 3.1E-03 3.0E-03 2.0E-03 1.5E-03 9.2E-04 7.8E-04 7.2E-04
LVDT#3 1.2E-03 1.1E-03 7.4E-04 5.5E-04 3.6E-04 3.0E-04 3.1E-04
LVDT#2 6.9E-04 6.5E-04 4.4E-04 3.3E-04 2.2E-04 1.8E-04 2.1E-04

Figure g3
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Elastic Modulus

Varied 80.[-
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Material Properties
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[T

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#6 ..
Modal Dazping, 3.5%
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Varied
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Elastic Modulus
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Material Properties
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L 1
Total Tine 1 279.75 to 280 sec .85 90 .95
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ABAQUS Modal Dynamic Analyses (B11) to E350) vs Laboratory Measurements (LAB)
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Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

vVariation of Elastic Modulus

Comparison of Displacements
ABAQUS STANDARD
Modal Dynamic Analysis

Input Record SHAKEA
Modal Damping, 3.5%
Density = 138.2 pcf
Mesh # 3

ABAQUS

Elastic Modulus,,
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]
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Material Properties
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Displacement
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ABAQUS

Elastic Modulus
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— B120_511
— B157_511
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Displacement 1.0
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] 1 ] 1
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STRP TIME

ABAQUS Hodal Dynanmic Analyses & Laboratory Measuramants

ABAQUS

Elastic Modulus
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B113_519
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ITH T

Linear Elastic
Material Properties
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-1. 1
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Uncracied Koyra Laboralory Study Uncracked Koyna Laboralory Stidy
Sensilivity to Variation in Elastic Moduks Sensitivity to Varlation in Elastic Modukus
Mesh#3 Meslwd
6 hz input Fraquency 10 hz Input Frequency
Material Priopenies Material Propenios
E=( 113,157,200 ksi ) Damping = 3.5% ciitical E = (113,157, 200 ksl )} Damping = 3.5% critical
Maierial Dersity = 138.2 pet Rayleigh Damping Factors Material Density = 1382 pcf Raylelgh Damping Factors
Alpha = 1.954769; Beta = .000248 Alpha = 1.864769; Beta = 000248
Peak Accelerations -
Elastic Modlus Vaded wih 6 ha lput Motion Peak Accelerations
" Elasiic Moduius Vasied with 10 hz inpud Motion
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Accelsg-6hz 20.02 2031 20.83| Acceiét-6hz 17.86 Accel#6-10hz 37.18 47.84 41.61]| Accely6-10hz 36.94
Accelis-6hz 19.40 18.08 20.45| Accelsb-6hz 16.83 Accel#s-10hz 36.79! 42.87 39.70| Accelss-10h2 35.4
Accelé4-6hz 17.84 17.65 18.56| Acceléd-6hz 17.24 Accel#4-10hz 3627 3747 37.50] Accel#4- 10hz 36.02
Uncracked Koyna Laboratory Study Uncracked Koyna Labaoratory Study
Sensitivity to Vasiation in Elastic Moduls Sensitivity to Vwmlg Elastic Modulus
14 hz Input Frequency 18 hz Input Frequency
Material Properties Malarial Properties
£ = (113, 157, 200 ksi ) Damping = 3.6% ciitical E= (113, 157,200 ksi) Damping = 3.5% critical
Material Density = 138.2 pcf Rayleigh Damping Factors Material Dersity = 138.2 pct Rayleigh Damping Factors
Alpha = 1.954769; Beta = .000248 Alpha = 1,854769; Bata = 000248
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Uncracked Koy Laboratory Study Uncracked Koyna Laboratory Study
Sensitivity 1o Variation in Elastic Moduks Sensitivity to Varlation in Elastic Moduls
Mestw3 Mesh#3 - - -~
20 hz Input Frequency 22 hz Input Frequency
Materlal Properties Material Properties
E = {113, 157, 200 ksl ) Damping = 3.5% critical £ = (113,157, 200 ksl ) Damping = 3.5% critical
Material Density = 138.2 pct Rayleigh Damping Factars Material Density = 138.2 pcf Rayleigh Damplru Factors
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Figure g8
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g “r E
1
Qe 0TS LT o
——
—————
LvoTR2 e -\—O—M LvpTezioe M
oz |- A ° s
° 1 1 1 [ ] 1 13
1] 7 200 m 157 20
ok cemerts ( inches eak Displacements ( Inches
B8Hz 113 157 200 B 10H 113 157 300 (:]
LVDT#4-8hz 9.66-04 7.1E-04 5.5E-04] LVDT#4-8tx 37602 LVDT#4-10hz 2.2E-03 1.7E-03 1.26-03|LVDT#4-10hz 1.3E-03
LYDT#3-6hz 3.7E-04 27604 21E-04] LVOT#3-6h2 3.7E-02 LVDT#3-10hz| 8.4E-04 6.2E-04 4.7E-04 |LVDT#3-10hz 6.6E-04
LVDT#2-8hz 2.2E-04 1.6E-04 1.3E-04} LVOT#2:-6hz 3.7E-02 LVDT#2-10hz 5.1E-04 3.7E-04 2.8E-04 | LVDT#2-10he! 1.6E-02
Uncracked Koyra Swdy ! Koyra Laboratory Study
Sensithaty to Variation In Elastic Modulus Sersltivty to Varlation In Elastlc Moduks
Mestw3 Mesh#3
14 Hz Input Motion - 18 Hz Irput Frequency
Materla) Properties Materlal Properties
E = (113, 157, 200 ksl) Damplng = 3.5% critical E = (113, 157, 200 ksi) Damping = 3.5% critical
Material Denstty = 138.2 pct Rayleigh Damping Factors Materlal Denslty = 138.2 pef Rayleigh Damping Factors
. Apha = 1,954769; Beta = .000248 Alpha = 1,954769; Beta = .000248
‘ Peak Displacements
B350 Modkss Variod Leirg 18 Hz hput Motion.
5
al hvoTse 18
4= .
2k
[ - Lot 182
1| \ °.
OM \
\ ° s
: o o
ol—t L L ol N L
L " L m I3 200
Displacemerts ( inches 'eak Displacemerts ( inches
113 157 ] CAB 113 857 200 CAE
LVDT#-14he 3.1E-03 2.06-03 1.56-03| LVDT#4-1412! 12603 LVDT#4-18hz 4.3-03 2.4E-03 1.7E-03|LVDT#4-18h2 1.9£-03
LVDT#3-14h2 1.2E03 7.4E-04 5.5E-04|LVDT#3-14e! 6.2E-04 LVDT#3-18hz 1.56-03 8.6E-04 6.2E-04|LVDT#3-18hz 1.26-03
LVOT#2-14ke]  69E04]  44E-04]  33EC4|LVOTH2-1ehe|  1.1E02 LVDT#2-18he]  87E04]  54E-04]  37E.04[LVDT#2-18hz} _ 6.2E-03]
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Uncracked Koyna Laboratary Study Uncraciked Koyna Laboratory Study
Senaliviy o Vasiation In Elastic Moduks Sensltivky to Varktion in Elastic Modus
Mestwd Most#3
20 Hz Input Frequency 22 Hz Irput Frequency
lal Propariies Materiai Properties
E = (113, 157, 200 ksl ) Damping = 3.5% critical E = (113, 157, 200 ksl) Damplng = 3.5% critical
Mateslal Density = 138.2 pct Raylelgh Damping Factors Maerlal Dersky = 138.2 pct Rayleigh Damplng Factors
Alpha = 1.854769; Beta = .000248 Alpha = 1.954769; Beta = .000248
Peak Displacements Peak Displacements
Vintad sirg 20 Kz Fput Mokon Elas50 Mo Varied Ll 22 Hz Fpu Moton
5 a0t
L0
o o jooT
- aos -
S 2 000 |-
R i O
n \n o b \
WhE " - e
A & v
'} L L 0 L 1 n
w 157 200 13 w57 20
Peak lacements { inches ) eak Displacements { Inches
|
20 Hz 113 157 200] LAB 2K 113 157 200 LAB
LVDT#4-20h2! 45603 23E-03 1.6E-03[LVDT#4-20hz 1.76-03 LVDT#4-22ha 8.5E-03 3.6E03 2.3E-03]LVDT#4-22h2, 9.7E-04
LVDT#3-20hz 1.5E-03 8.0E-04 5,5E-04|LVDT#3-20hz 1.2E-03 LVODT#3-22tz 2.7E-03 1.2E-03 8.1E-04|LVDT#3- 22 8.1E-04
LVDT#2-20hz 8.7E-04 4.8E-04 3.4E-04{LVDT#2-20hz’ 55€-03 LVOT#2-22h! 1.66-03 7.2E-04 4.76-04|LVDT#2-22hz 56E-03
Uncracked Koyra Laboratory Siudy Urcracked Koyna Laboralory Study
SenslivRy 1o Vaskation n ERstic Modus. Sansitiviy to Vadubng Elastic Moduks
Mesh#
24 Hz lnput Motlon 26 Hz loput Frequency
Materlal Properties. Matarlal Properties - - R
E = (113, 157, 200 ksl ) Damplng = 3.5% critical E = (113, 157, 200 ksl) Damplng = 3.5% critical
Mateslal Doty = 138.2 pct Rayleigh Damping Factors Materlal Dersity = 138.2 Rayleigh Damping Faclors
Alpha = 1.854769; Bola = .000248 Alpha = 1.954769; Buta = .000248
Peak Displacements Peak Displacements l
UKl | Vanied using 26 HI rput Moton
™ am
LVoTs-au
0015 [~ m L \VDTae-242
az b
00 =
aot |-
s {21 ot zee .
ol & ] ol s e B
" 57 20 " =4 0
eak Displacemerts ( Inches eak merts { Inches
24 Hz 113 157 200 B 26 Hz 113 157 — 200 B
LVDT#4-241| 15E02 4.1E-03 2.4E-03|LVDT#4-2402! 2.0E-03 LVDT#4-28hz 2.6E-02 5.1E-03 2.6E-03]LVDT#4-26h2. 1.56-03
LVDT#3-241z| 45E-03 1.4E-03 8.4E-04{LVDT#3-24tw 1.1E03 LVDT#3-26hz| 7.8E-03 1.6E-03 8.7E-04 |LVDT#3-26hz 1.1E03
LVDT#2-24hz 2.5E03 7.8E-04 4.8E-04]LVDT#2-2412] 4.8E-03 LVDT#2-26hz 4.1E-03 9.36-04 5.0E-04 | LVDT#2-26iz 3.5E-03
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ABAQUS

Elastic Modulus
Varied 40

B113_176
B157_176
B200_176
LAB 20.

Input Freq.

0.
6 Hz
Accelerations
-20.
ACCEL#7

-40.
.50 .

.70 .75 .80 .85 .90 .

STEP TIMBE

ABAQUS

Elastic Modulusgg,
Varied

—— B113_176
—— E157_176
——— B200_176
—— LAB 40.

Input Freq.

10 Hz
Accelerations
ACCEL#7
-80. 1 1 1 1 ] L 1 1 I
.50 S5 60 65 .70 .75 .80 .85 90 951.00

STEP TIMBE

ABAQUS

Elastic Modulus
Varied

B113_176
B157_176

LAB

Input Freq.
14 Hz

Accelerations

ACCEL#7 -0

E200_176 50.

.70. .75 .80 .85 .90
STEP TIME

ABAQUS

Elastic,Modulus
Varied

B157_176
B200_176
LaB

Input Freq.
18 Hz

0.

Accelerations -S0.f

ACCEL#7

-100.

B113_176 100.

so0.

.70 .75 .80
STEP TIMB

.85

1
.90 .951.00
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ABAQUS

Elastic Modulus

Varied (¢
—— B113_176
—— B157_176 18
—— E200_176
~—— LAB

Input Freq.

ABAQUS

Elastic Modulus
Varied (¢

—— B113_176
— B157_176
—— E200_176
—— LAB

Input Freq.

20 Hz 22 Hz
Accelerations Accelerations
ACCEL#7 Lk i ACCEL#7 )
1 1 i 1 1 1 1 1
.75 80 .85 .90 .95 1.00 .75 80 .85 .90 95 1.00
STEP TIME STEP TIME
Elastic, Modulus ; . . Elastic Modulus : . . .
Varied (¢ varied ¢
—— B113_176 — BI113_176
~—— R157_176 .2 - - B157_176 2
—— B200_176 - B200_176
——— LAB ——— LAB
Input Freq. Input Freq. \ %
.0 .0 -1
24 Hz 26 Hz
Accelerations . Accelerations
ACCEL#7 Ll ACCEL#7 L
1 1 i H L H X
.75 80 .85 +90 .95 1.00 .75 .80 .85 .90 .95 1.00
STEBP TIMB STEP TIMB




ABAQUS ABAQUS

Elas%ggiggdulus‘m — Elas%égiggdulus ——
—— B113_204 —— PR113_204 4o
— B157_204 —— BE157_204
— R200_204 —— B200_204 1
—— LAB 20. —— LAB
A 20.
Input Freqg. K AW ‘ , Input Freq. .
0. Wy 5 X ! ' 0.
6 Hz W \ o \ X/ 10 Hz :
Accelerations ; Accelerations -20.
ACCEL#6 -20.f i J
ACCEL#6
-40.-
-40. 1 i 1 1 ] i 1 1 1 1 1 1 1 1 1 1
.50 ,55 .60 .65 .70 .75 .80 .85 .90 .951.00 . .50 .55 .60 .85 .70 .75 .80 .85 .
STEP TIME STEP TIME

16 2anbTa

ABAQUS | ABAQUS

Elastic, Modulus
Varied

T T T

Elastic, K Modulus
Varied

T T
— PB113_204 — B113_204
— = =
— it 40. — 2B 50. ]
Input Freq. Input Freq.
0. 0. -
14 Hz 18 Hz \
Accelerations Accelerations
ACCEL#6 4o ACCEL#6 -s0.
1 1 1 1 1 i} ] ] 1 1 1 1 1 1 1 1 1 1
.50 .55 .60 .65 .70 .75 .80 .85 .90 .951.00 . .50 .55 .60 .85 .70 .75 80 .85 .90 .951.00
STEP TIME STEP TIME
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ABAQUS

Elastic Modulu
Varied o0,

—— B113_204 150.
—— B157.204
~— BE200_204
——— LAD 100.

Input Freq.“”
[

ABAQUS

Elastic, Modulu
Varied 200,

—— E113_204 150.
—— B157.204
——— B200_204
~—— LAB 100,

Input Freq.“'

20 Hz 22 Hz
) -50. -50.5
Accelerations Accelerations 100
ACCEL#6 ACCEL#6
. -150.F -1 -150.
-200. L L 1 L -200. - 1 L .
.15 .80 .85 S0 95 1.00 .75 .80 .85 90 .95 1.00
STEP TIMB STEP TIMB
Elastic Modulu Elastic Modulu
varied Soo. ! ' Varied e
—— B113_204 150.}- - —— B113_204 150.
e B157_204 ——— B157_204
——— R200_204 —— B200_204
-——— LAH 100. K « A\ - —— LAB 100.
[/ 7 7 i
- so. 1 g f E so. 44
Input Freq. Input Fredq. ‘
. 0.
24 Hz 26 Hz
-50.- \ \ Y\ -50.
. \ \ \ R .
Accelerations V « v '/ Accelerations
-100.} -100
ACCEL#6 ACCEL#6
-150.f -150.
-200. L L L L -200.
.75 .80 85 S0 95 1.00 .75 .80 .85 .90 .95 1.00
STEP TIME STEP TIMB
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ABAQUS » ABAQUS

Elasségiggdulus4m S — Elas%é%iggdulus e —
—— E113.491 — B£113.491 40.-
—— B157_491 —-— B157_491
—— B200_491 ~—-— B200_491
—— LAB 20. —— LAB
20.p
Input Fredq. Input Freq.
0. 0.
6 Hz 10 Hz
Accelerations Accelerations - -20.
+20.p~ -1
ACCEL#5 ) ACCEL#5
-40.1-
-40. 1 1 1 L 1 1 1 1 1 L 1 [} 1 1 ]
.50 .55 .60 .65 .70- .7S .80 .85 .90 .951.00 .50 .55 .60 .65 .70 .75 .80 .85 .90

STEP TIME STEP TIME

ABAQUS ABAQUS

Elastic Modulus — Elastic Modulus — —
Varied A A A A A 0 Varied N
—— p113_491 —— P113_491
—— B157_491 10.F . —— B157_491 f
— 2200_491 —— B200_491 40 i
— LAB —— LAB *
Input Freq. Input Freq.
o.} - 0. -
14 Hz 18 Hz
Accelerations Accelerations
ACCEL#5 " | ACCEL#5 4o
V] v & ..‘ V] \ Y .
1 ' ] I ' 1 l ( 1 " ] 1 1 1 1 ]
.75 .80 .85 .80 .951.00

.50 .55 .60 .65 .70 .75 .80 .85 .90 .951.00

STEP TIME STEP TIME
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ABAQUS

BElastic Moduluss,,
Varied

-—— B113. 491

~—- B157_491 100.¢- -
—— B200_491
—— LAB
50.
Input Freq.
0.
20 Hz
. -50.
Accelerations
ACCEL#5 ook i
-150. i L L L
.75 .80 .85 .90 .95 1.00
STEP TIME

ABAQUS

Elastic, K Modulu
Varied Hso.

— B113_491
~— B157_491 100.
—— B200_491
e~ LAB
50,
Input Freq.
22 Hz
. 50.1
Accelerations
ACCEL#5 100,
.150. |l 1 1 1
.75 .80 .85 .90 95 1.00
STEP TIMB

ABAQUS

Elastic Moduluss.
vVaried

—— B113_491
~ B157.491 100. [
—— PE200_491
——— LAB
50.
Input Freq.
24 Hz
Accelerations
ACCEL#5 200k
-150. L i
.15 .80 .85 «90 .95 1.00

STEP. TIMB

ABAQUS

Elastic Modulussy,
Varied

B113_491
B157_491 100.
B200_451
LAB

1]

S0.1

Input Freq.
26 Hz

. *50.
Accelerations

ACCEL#5 100,

.85 .80
STEP TIMB
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ABAQUS ABAQUS

Elastic Modulus,,, . Elastic Mgdulus
Varled T ] T ] 1 T 1 ¥ ¥ Varied T T T T 1 T T ¥ ¥
~—— B113_519 —— B113.519 40.
-—— BE157_519 — B157_519
—— B200_519 —— B200_519
——— LAB 20. JR— B
20,

Input Freq. Input Freq.

0.

6 Hz 10 Hz
Acceleaations Accelerations -20.
ACCEL#4 -20.} 4
ACCEL#4
-40
-40. ] 1 1 (] 1 1 1 1 1 1 1 1 1 1 1 1 1 i
.50 .55 .60 .65 .70 .75 .80 .85 .90 .951.00 o .50 .55 .60 .65 .70 .75 .80 .85 .30 .951.00
STEP TIME STEP TIME
Elas\t}égi}égdulus . g RN— Elas\t’égile&gdulus . — , : . ——
— P113_519 40. 7 —— E113_519
—— B157_519 ——- B157_519
— B200_519 —— B200_519
—— LAB — IAB 40.
20.F .

Input Fredq. Input Freq.

14 Hz T I 18 Hz
Accelerations -2o. - Accelerations
ACCEL#4 ACCEL#4 40
-40.
) P i ) i 'R v 1 ' 1 ) ) 1 ! 1
.50 .55 .60 .65 .70 .75 .80 .85 .90 .951.00 .50 .55 .60 .65 .70 .75 .80 .85 .90 .951.00

STEP TIME STEP TIME
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ABAQUS

Elastic Madulus§ge.
Varied

-—— E113_51%
—- B157_519
—— B200_519
— LAB 50.

Input Freq.
20 Hz

Accelerations
ACCEL#4

-5

~100.]

1
.85 .90 .95 1.00

ABAQUS

Elastic,K Modulu
varied Soo.

—— B113_519
=—e B157_519
—- B200_519
—— LAB

Input Freq.
22 Hz

Accelerations
ACCEL#4

-100.

.75 .80 .15 80 85 .90 .95 1.00
STEP TIME STEP TIME
Elastic ModuluS§gs. Elastic Modulusgy,
Vacied Soo YaZieqo i udeo T T
—— B113_519 —— El113.519%
-~ B157_519 ~——- B157_519
- B200_519 —— B200_519
— LAB 50. —~— LAB 50. -1
Input Freq. Input Freq.
24 Hz 26 Hz I
Accelerations Accelerations
ACCEL#4 ACCEL#4 \
100, -100, L L 1
.15 .80 .85 .90 95 1.00
STEP TIMBE STEP TIME
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ABAQUS

Elastic Modulus
varied

— B113_179
—— B157.179
— B200_179
—— LAR

4.

Input Freq.
6 Hz

Accelerations -2
ACCEL#8

.70 .75 .80 .85 .

STEP TIME

ABAQUS

Elastic Modulug,
varied

~—— B113_179
— B157_179
—— B200_179
—— LAB 5.

Input Freq.
10 Hz

Accelerations
ACCEL#8

-10.
.50 .55 ,60 .65 .70 .75 .80 .85 .90 .951.00

STEP TIME

ABAQUS

Elastic Modulug,
Varied

—— B113_179
— R157_179
~— B200_179
—~——— LAB 5.

Input Freq.
14 Hz

Accelerations
«5.

ACCEL#8

<10, :
.50 .55 .60 .85 .70 .75 .80 .85

STEP TIMB

.90 .951.00

ABAQUS

Elastic Modulug,
Varied

— B113.179
- B157_17%
—— B200_179
—— LaAB 40.

Input Freq.
18 Hz

Accelerations
ACCEL#8

-80. .
.50 .55 .60 .65 .70 .75 .80 .85 .90 .,951.00

40.

STEP TIMB
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ABAQUS

Elastic Modulus
varied

— E113_179 40.5
— B157.179
— B200_179
—— LaB
20.

Input Freq.

ABAQUS

Elastic Modulus
Varied

B113_179
B157_179
B200_179
LAB

40.

20.

Input Freq.

20 Hz 22 Hz
Accelerations -2o. Accelerations -20.
ACCEL#8 ACCEL#8
-40.~ - -40.F .
1 1 1 1 i 1 1 1
.75 .80 .85 .90 +95 1.00 .75 80 .85 90 95 1.00
STEP TIMB STEP TIME
Elastic Modulus : Elastic Modulus
Varied ! varied ! ! ! !
— E113.179 40.1 —— B113_179 40.
— B157_179 ~—— B157_179
—— B200_.179 ~— P200_179
——— LAB -~—— LAB
20.H 20,1
Input Freq. Input Fredq.

24 Hz 26 Hz [ |
Accelerations -20.f Accelerations -20.r- s
" ACCEL#8 ACCEL#8

-40. -40.1- .
L L 1 1 1
.75 80 +85 .90 .75 .80 .85 .90 95 1.00
STEP TIME STEP TINE




ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Elastic Modulus

At Diff. Input Frequencies
Comparison of Displacements
Dynamic Analysis

Input Record SHAKEA
Mesh # 3

ABAQUS

Elastic Modulus

Varied

.5
B113_196 -3
B157_196 [x107]
B200_196
LAB4

Input Freq.
6 hz

Displacement
at LVDT#4

1 1
.94 .96 .98 1.00
STEP TIME

Tzb =anbta

ABAQUS

Elastic Modulus
Varied .
R113_511| [x10°3)
B157_511

£200_511
LAB3 1

2k

1]

Input Freq.
6 hz -1

Displacement
at LVDT#3

STBP TIMBE

1
.90 92 94 .96

ABAQUS

Elastic Moduluss
Varied [x103)

—— B113_519 -10
—— B157.519

—— B200_519 .05
—— 1AB2

. 00|

- osr-
Input Freq.

6 hz -.10

Displ&cement
at LVDT#2

.94 .96 .98 1.00

STEP TIME
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Elastic Modulus

At Diff. Input Frequencies
Comparison of Displacements
Dynamic Analysis

Input Record SHAKEA
Mesh # 3

T TR

FTHEVR

e T
EMCIE3EAbaAn
SIEaNIEILarand

ABAQUS

Elastic Modulusg,

Varied [x103]

B113_196
B157_196
B200_196
LAB4

Input Freq.
10 hz

Displacement
at LVDT#4

.94 .96 .98

STEP TIMB

ABAQUS

Elastic Modulug, _

Varied 03]

B113_ 511
B157_511
B200_511
LAB3

111

Input Freq.
10 hz

Displacement
at LVDT#3

1. 1 1 1 1

.90 .92 .94 .96 .98
STEP TIMB

ABAQUS

Elastic Modulus

Varied

-5
B113_519 -3
B157_519 (x107]
B200_519 ’
LaB2

Input Freq. .0
10 hz

Displacement
at LVDT#2

1 1 1

92

.94 .96 .98
STEP TIME
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Elastic Modulus'

At Diff. Input Frequencies
Comparison of Displacements
Dynamic Analysis

Input Record SHAKEA
Mesh # 3

ABAQUS

Elastic Modulug,

vVaried [x103)

E113_196
B157_196
B200_196
LAB4

Input Freq.
14 hz

Displacement

at LVDTH#4
-4

[l 1 ]

«90

.92 .94 «96
STEP TIMB

1
.98 1.00

ABAQUS

Elastic Modulus
Varied [x073]
B113_511 . 1.0
B157_511

B200_511
LAB3

Input Freq.
14 hz

Displacement
at LVDT#3

-1.90

.90 .92 .94 .96 .98 1.00
STEP TIME

ABAQUS

Elastic Modulus

Varied [x103]

B113_519
BE157_519
B200_519
LAR2

1]

Input Freq.
14 hz

Displacement
at LVDT#2

1 1 1

.90

.92 .94 .96
STEP TIMBE
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Elastic Modulus

At Diff. Input Frequencies
Comparison of Displacements
Dynamic Analysis

Input Record SHAKEA
Mesh # 3

a
ETEER
CAEIGAEAGICIE
IR SR
RN T

ABAQUS

Elastic Modulus

Varied {x107%}

B113_196
B157_196
E200_196
LAB4

[111

Input Fredq.
18 hz

Displacement
at LVDT#4

.92 .94 «86 .98 1.00
STEP TIMB

ABAQUS

Elastic Modulus
Varied 2.0k i
B113_511 | [x10°3)

B157_511 1.6

B200_511
LAB3

11

Ipput Freq.
18 hz

Displacement
at LVDT#3

1 1 1 =
.S0 .92 94 .96 .98 1.00

STEP TIMB

ABAQUS

Elastic Modulus

Varied[ 1.2}

-3
m13_s19 | [¥207)
B157_519
E200_519
LAB2

11

Input Freq.
18 hz

Displacement
at LVDT#2

.92 .94 .96 .98 1.00
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ABAQUS

Koyna Laboratory Model Study

Uncracked Model Study
Sensitivity Study

Variation of Elastic Modulus

At Diff. Input Frequencies
Comparison of Displacements
Dynamic Analysis

Input Record SHAKEA

Mesh # 3

ABAQUS

Elastic Modulus

Varied [x10%)

B113_196
B157_196
EB200_196 4.
LAB4

1]

Input Freq. 0.
20 hz

Displacement
at LVDT#4 -4,

.92 .94 .96 .98 1.00
STEP TIMB

ABAQUS

Elastic Modulus

Varied 2.0

-3
B113_511 [x10 1]_6
B157_511
2200_511
LAB3

1]

Input Freq.
20 hz

Displacement
at LVDT#3

.94 .96 .98

STEP TIMB

ABAQUS

Elastic Modulus,

Varied {x103]

B113_519
B157.519
B200_519
LAB2

11

Ipoput Freq.
20 hz

Displacement
at LVDTH#2

! 1

T

1
.92 .94 .96 .98 1.00
STEP TIMB
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Elastic Modulus

At Diff. Input Fiéquencies
Comparison of Displacements
Dynamic Analysis

Input Record SHAKEA
Mesh # 3

ABAQUS

Elastic Modulug,

Varied [x107)]
B113_196
E157_196 8.

B200_196
LAB4

|11

Input Freq. 0.

22 hz

Displacement
at LVDT#4

-8.

.92

1
.94 .96 .98 1.00
STEP TIME

ABAQUS

Elastic Modulug,
vVaried [x10?)

B113_511
B157.511

B200_511
LABR3

[

Ioput Freq.
22 hz

Displacement
at LVDT#3

-4, L L
.90 .92 313 .96 .98 1.00

STRP TIMBE

ABAQUS

Elastic Modulus

Varied 2.0~
[x10°3]
1.6

B113_519
B157_519
B200_519
LAB2

Inoput Freq. .0

22 hz

Displécemenc
at LVDT#2 -1.

1.2

1 1

1 -
94 .96 «98 1.00
STEP TIMB
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

vVariation of Elastic Modulus

At Diff. Input Frequencies
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Material Property Sets-

Linear Elastic Material Property Set #1 :
Linear Elastic Material Property Set #2 :
Linear Elastic Material Property Set #3 :
Linear Elastic Material Property Set #4 :

60

Elastic Modulus = 190 ksi;
Elastic Modulus = 200 ksi;
Elastic Modulus = 210 ksi;
Elastic Modulus = 250 ksi;

Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3

Material Density = 133 pcf
Material Density = 140 pcf
Material Density = 140 pcf
Material Density = 140 pcf

Natural Frequencies
For Material Property Sets #1-#4
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Material Property Set # 1 2 3 4|LAB
Mode
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2 23.2 26.0 26.8 30.6 24.0
3 41.9 47.0 48.4 55.4 30.0

Figure hl




Modal Damping = ( 3.5%, 5%, 10%, 38% & 88% ) critical

Uncracked Koyna Laboratory Study

Sensitivity to Variation in Percent Critical Damping
Mesh#3

Linear Elastic Material Property Set #1 : Elastic Modulus = 190 ksi; Material Density = 133 pcf

Peak Accelerations
Percent Critical Damping Varied
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Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping

Mesh#3

Modal Damping = ( 3.5%, 5%, 10%, 38%, & 88% ) critical

Peak Accelerations

Percent Critical Damping Varied

Linear Elastic Material Property Set #2 : Elastic Modulus = 200 ksi; Material Density = 140 pcf
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Uncracked Koyna Laboratory Study

Sensitivity to Variation in Percent Critical Damping
Mesh#3 ‘
Modal Damping = (3.5%,5%,10%,38%,&88%) critical

Linear Elastic Material Property Set #3 : Elastic Modulus = 210 ksi;

Material Density = 140 pcf

Peak Accelerations
Percent Critical Damping Varied
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Uncracked Koyna Laboratory Study

Sensitivity to Variation in Percent Critical Damping

Mesh#3
Modal Damping = ( 3.5%, 5%, 10%, 38% & 88% ) critical

Linear Elastic Material Property Set #4 : Elastic Modulus = 250 ksi; Material Density = 140 pcf

Peak Accelerations
Percent Critical Damping Varied
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Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = (3.5%,5%,10%,38%,&88%) critical

Linear Elastic Material Property Set #1 : Elastic Modulus = 190 ksi; Material Density = 133 pcf

Peak Displacements

Percent Critical Damping Varied
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Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = (3.5%,5%,10%,38%,&88%) critical

Linear Elastic Material Property Set #2 : Elastic Modulus =200 ksi;

Peak Displacements

Percent Critical Damping Varied

Material Density = 140 pcf

2
s [LVDT#4
8 B \I~\
g o — T
28 i
5 8§ 1
E 2 |
o =
-
._08.' [LVDT#3
o —-0 ) O
05 ~ = N
| AA—a A N
[LvDT#2 A
. |
0 20 40 60 80 100
Percent Critical Damping
Peak Displacements ( inches )

Percent Damping 3.5 5 10 38 88 LAB
LVDT#4 1.5E-03 1.5E-03 1.5E-03 1.4E-03 1.1E-03 7.8E-04
LVDT#3 5.6E-04 5.6E-04 5.5E-04 5.3E-04 4.4E-04 3.0E-04
LVDT#2 3.4E-04 3.4E-04 3.3E-04 3.2E-04 2.7E-04 1.8E-04

Figure‘h7




Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = (3.5%,5%,10%,38%,&88%) critical

Linear Elastic Material Property Set #3 : Elastic Modulus = 210 ksi; Material Density = 140 pcf
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Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = (3.5%,5%,10%,38%,&88%] critical

Linear Elastic Material Property Set #4 : Elastic Modulus = 250 ksi; Material Density = 140 pcf
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Uncracked Koyna Laboratory Study

Sensitivity to Variation in Damping Method
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Figure hl8




Uncracked Koyna Laboratory Study
Sensitivity to Variation in Damping Method
Mesh#3
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Sensitivity to Variation of Analysis Time Increment



Uncracked Koyna Laboratory Study
Direct Integration Dynamic Analysis
Sensitivity to Variation in Direct Time Step Parameter
Mesh#3
Elastic Modulus = 210 ksi; Material Density = 140 pcf
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Direct Time Step Parameter Varied
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Figure il




Uncracked Koyna Laboratory Study
Direct Integration Dynamic Analysis

Sensitivity to Variation in Direct Time Increment Parameter
Mesh#3
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Figure i2
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Uncracked Koyna Laboratory Study
Direct Integration Dynamic Analysis

Sensitivity to Variation in Haftol Parameter
Mesh#3

Elastic Modulus = 210 ksi; Material Density = 140 pcf
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Haftol Parameter Varied
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Figure 1i5




Uncracked Koyna Laboratory Study
Direct Integration Dynamic Analysis

Sensitivity to Variation in Haftol Parameter
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Peak Displacements

Haftol Parameter Varied

16
1.4 E—r
| N
S
™ 1.2
2 LvDT#4
c o0
2 3 1
§ é 0.8
?,_ —
a 0.8 p———— S
ILVDT#3¢- o o= T[T A
& —A—
04 ITvpTR2
0.2
0 200 400 600
Haftol Parameter Value
Peak Displacements ( inches )

Haftol Parameter 5 50 500 LAB
LVDT#4 1.1E-03 1.3E-03 1.4E-03 7.8E-04
LVDT#3 4.7E-04 5.2E-04 6.2E-04 3.0E-04
LVDT#2 4.3E-04 4.6E-04 5.3E-04 - 1.8E-04

CPU Time (sec) 3179 1230 785

Figure 1ié6




ABAQUS

Haftol Parameter
Varied

ABAQUS

Haftpol Parameter
Varied

—— HP5_176 —— HT_5_204

HT_50_176 ~—— HT_50_204
~—— HT_500_176 50.) i —— HT_500_204 40,
— LAB — 1B

Linear Elastic Linear Elastic

Material Propexties 0. . Material Properties 0.
Uncracked Model

Uncracked Model

Acceleration Acceleration

at ACCEL#?7 at ACCEL#6

Direct Integration .sp, Direct Integration _,q,
Dynnmic Analysis Dynamic Analysis

Matarial Deusity = 140 pef
Elastic Modulus = 210 ksl

Haterial Demsity = 140 pcf

Elastic Modulus = 210 ksl
1

13 1
.85 .90 .95 1.00 Filesans.sasiy .85 .90
STEP TIME

T1le0ABe BIALZA

1
.95 1.00
STEP TIMB

ABAQUS ABAQUS

LT 2anbtd

Haftol Earameter
Varied
o~ HT_5_491
~— HT_50_491
—— HT_500_491 40.}
o——— LAB

Linear Elastic
Material Properties
Uncracked Model
Acceleration

at ACCELSS

Direct Integration
Dynamic Analysis

Material Density = 140 pct
£lastic Modulus = 210 kai

rilegano SHAKEA

-40.k

.85

<90
STEP TIME

Haftpl Parameter
Varied

HT_5_519
HT_50_519
HT_500_519
LAB

Linear Elastic
Material Properties
Uncracked Model
Acceleration

at ACCEI#4

Direct Integrationm
Dynamic Analysis

Material Density = 140 pct
Flastic Modulus = 210 ksl

Tilesans SHALZA

40.

-40.

.85

STEP TIME




8T @anbrtg

ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Haftol Parameter

Comparison of Displacements
Direct Integration
Dynamic Analysis

Input Record SHAKEA
Haftol = 5, 50, & 500
Density = 140 pcf
Elastic Modulus = 210 ksi
Mesh # 3

ABAQUS

Haftol Parameter

Varied

HT_50
HT_500
LABD4

Linear Blastic
Material Properties
STANDARD Analyses
Uncracked Model
Displacement

at LVDT#4

HT_S -3
Lol L

1.6}

-1.6

-2.4

.90

.94 .96 .98 1.00
STEP TIME

ABAQUS

Haftol Parameter

Varied [(x10'%)
HT_S
HT_50
HT_500 4
LABD3

Linear Elastic
Mataerial Properties
STANDARD Analyses
Uncracked Model
Displacement

at LVDT#3

1 4
.90 92 94 .96 .98 1.00
STBP TIMB

ABAQUS

Haftol Parametery
Varied [x107)]

HT_S
HT_50
HT_500
LABD2

Linear Elastic
Matarial Properties
STANDARD Analyses
Uncracked Model
Accelaration

at LVDT#2

od

.92

94 .96 .98 1.00
STEP TIMB




Appendix J
Comparison of
Analysis Procedures



Uncracked Koyna Laboratory Study
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Nonlinear Analysis
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FREQUENCY
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ABAQUS

LVDT1

Up/downsteam
Digplacement

Input Motion SHAKEB
LvDT # 1

(inches)

XMIN .00CE+0O0
NMBX 4. 722E+02
YMIN -1.811E-01
YMAX 4.953E-02 | | |

i | I | | | | |

0. 40. 80. 120. 160. 200. 240. 280. 320. 360. 400. 440.480.

Time [(sec)
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ABAQUS

Input Motion

o 40.
SHAKEA
Up/downstream
Acceleration 0.

ABAQUS

Cross-Canyon
Acceleration
Msasuraed at Model Base

40.F

Accelerometer #2

—— ACCEL3

Acceleromster §3 0.
{inch/secn2)

Vertical AcceleratiqQy |-

Measured at Model Base|

-40.
KHIN Geos+00
KHMRK  2.BB2B+03
YHIN -7 .789E+01
YHAX B.Z20E-01 .

| P DR |

0.
D. 40. B0. 12D.160.200.240,2B0.320,360,400.440480.

Time (sec)

Up/downs tream
Acceleration
Measured at
Rocelerometer f#4
{inch/secnr?)

(inch/sech2)
Measured at Model Basg
linch/sechZ)
-8D.|
-40. :
KMIN  QUOE+0D KHIN 0002400
XMAY 4 .EB2E+DZ -120. AKX 6 .B62E+02 i\ 30 Hz
YMIN -1.3B2EvD YMIN -6.280B+01
YMAK _Z53E+D. | 1 1 [ I i L 1 I [ YMAX 6.342B+01 1 1 L I I ] | 1 i | i
0., 40. BO. 120.160,200.240.280,320,360,400,340.460, 0. 40, B0, 120.150.200,240.280.320.350.400.440.480.
Time {sec) Tima (sec)
BO.F T T T T T T T T

1 A Il R— L rl L 1 L L

. BO. 120.xsu.zao.uu.330.320.3sn.ann.un.sso.
Time. (sec)
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ABAQUS
=]

Up/downatream
hecelaration

Acceleromeker #5
(inch/sech2)

oI .000B~00
KMAX o .B5ZE-02
TMIH Ai,3a55~u1
THAX J151E+02

Measured at Hodel Ease

120.

a.

-80.

=120

1 i 1 L L i 1 1 1 L L

1
0. 40. Bl

0. 120.160,200.240.28 D.JSD.BGU.IDG.MG.IBﬁ.
Tima (sec)

ABAQUS

80.

Up/downstream
Acceleration 40.

Accelercmeter #6
(inch/secrl)

=120,

Measurad at Modsl Base .-

'l i i i i i 1 L i [l

40. 80, 120.160,200,240.260,320,260.400.460.£B0.

Time (sec)

ABAQUS
==

Up/downstream
Accelerakion

accelercneter #7
{inch/seca2)

Measured at Model Base|

120.F

80.-

40.+

-120.

L L L L 1 L i L i L

D. 4D.

60, 120.160.200,240.280.320.360.400.440.480.

Tine {sec]

ABAQUS
==

Vertical
heceleration
Mezsured at
hcecelerumecer #8

{inch/sechrl)

-80.

\ I 1 A

A0

. 120.160.200.240,280.320.360.400.440480.
Time (sec)
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ABAQUS
s |

Up/downs team
Displacement
Input Motion SHAKER
LVDT # 1 .00
{inches)

KMAX  4.BSZE402
YHIN +1.262E-01
YHRX 5.494BE-02

a.

i L i 1 L I 1
40. 80, 120,160.200.240.2B0,330,350.400.440.450.
Time (sec)

ABAQUS

LvDT2

Up/downs team
Displacement
Input Motion SHARER ol

LVDT # 2
linches] .ol

MMAX 4 .BB2E+02 -,
FHIN -5.838E-02
YMAX 1.280B-02

L ' i L Il | i

0‘. 40, BO. 120.160.200.240.280.320.360.400.440.480.

Tine [sec)

ABAQUS

— LVOT3

Up/downsteam
Displacement
Ipput dMotion SHRREA
LVDET # 3
(inches)

AHIN .ooce+bo
WHAX ¢ .B52E+02
H -1‘28%5‘01

9.655B-02

s

b.

1 L 1
40, 0. 1Z0.160,200.240.280.320.360.400.440.480.
Time ([sec)

LVDTe

Up/downs team
Displacement

Input Motion SHAKER
LVDT # 4

{inches|

FHIN LO00E+00
FMAX 4 .BEIE+02

Yl ThFREES Tl

| L i L il L L L I

L
40. 80. 1

20,160.200.240.280.320.350.400. 440450,
Time (ssc)
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ABAQUS

1.8
[x10]

—— ACCEL

Input Motion |

SHAKEB i
Up/downetrean
hoceleration .0

ABAQUS

Cross-Canyon
Acceleration
Measured at Model

hccelerometer #2

240,
Z00.

160.

linch/secAl) -40.
Measured at Model Bage -B0.
(inch/BsecA2)
-120.
- B
-180.
KMIN  .00DE0Q ki RO -00DB-00 Taun:
KMAX 4.722E+02 KMAX 4 .722B-02
YMIN -1.635B+03 YMIN -2.654E-02 -240
¥ 1 .67BE+Q3 1.6k 1 1 1 [ 1 1 | 1 1 1 ! YMAX 2.343E+03 1 L 1 1 | | L L 1 [ 1
0. 40. BO. 120.160.200.240.280.320.360.400.440480. 0. 40. 80, 120.160.200.240.280.320,360.400.4404B0,
Time (sec) Time (sec)
ABAQUS ABAQUS
2.0
1.0 T T T L) T T T T L) T T 3 bt
[xlO’] [x107]
=] =
1.5
Vertical Acceleration Up/downs tream
<8 Boceleration 1.0

Measured at Model Base|

Accelerometar #3
{inch/secn2)

i I 1 L 1 Ty R RE, O I
0. 40. 80. 120.160.200.2¢0.280.320,360.400.440480.
Time (sec)

Measured ak
Accelercmeter B4
{inch/seca2)

XHIH ~DOQE+Q0
XHAX 4.722B+D2

YMIM -9, ae02
nuy -3-22050s

1 L i 1 1 1 1 L :

40, 80, 120.150.200.240.2B0.320.360.400.440480.
Time (sec)
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ABAQUS ABAQUS

[2c10°] [x10°]
— [— oemd]
Up/downstream Up/downstream
Acceleration Aeceleration

Iopuk Record SHAKER Input Record SHAKEB

Accelerometer #5
noccelerometar #6

(inchfescal)
{inch/sech2)
KHIK goonwo 1.5 " BaW  .000E-DD
XMAX 4 '228-02 AKX 4.T22E+D2
YMIN -1.285B¢0 IN -1.0092+04
e e8RS .2l VI (S N T S S (. Ay 10085781 o SRS RSN (SN, SN DAY N (R (M RO LA
0. 40. 80. 120,160,200.240,280.320.360.400.440450.

0. 40, BO.120.15D.200.240.280.320.360.400,4404¢80.

Time (sec) Tipe (asc)

ABAQUS ABAQUS

2.0
[x10%] [210°]
[ ] [— ]
Up/downstrean Varkical
Acceleration Acceleration

Input Record SHREKES

Measured at Model Bases
Acceleroneter #8

{inch/secAa2) {inch/secnl]
FMIN  .DODE+DO HMIN  .0002+00 =1.5F -
KHAX  4.7228+02 ORX 1.722EB402
YMIM -1.5L2B+03 YMIN -9.5138v02
YHAX 1.009E+D4 -3, i ] i L1 i i 1 i i i 1 YHAX 1.BHEE+03 & 1 i i il 1 Il A L L L o
4D. BD. 120.160.200.240.280.320.360.400.440480. 0. 40. 8O, 120.160.200.240.280.320.360,400.4404B0.
Time (sec)

Tipe [ses)
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ABAQUS

.04
. 00|
Up/downsteam
Displacement
Input Motion SHAKEE .
LVDT # 1
(inches)
-. 08
-.12
XMIN .000E+00 - 18
KMAX  4.722B+02 '
¥MIN ~1,B11E-01
¥MAX  4.953B-02 L

i

L 1 i 1 i L L

0. 4D. BD. 120.160,200.240.200.320.360.400.440480.
Time (sec)

ABAQUS

Up/downateamn sk
Displacement
Input Moticn SHAKEB

LVDT # 2
(inches)

B

HHIN -Q0OE+DO

XMAX 4.722B-02

¥HIN -1.0245-00

YHRX  1.0212+00 1.0k
a.

40. 80. 120.150.200.240.260.320.360.400.440480,
Time (sas)

ABAQUS

Up/downsteam
Displacement

Ioput Moticn SHAKEB
LVDT # 3

{inches)

THIM -2.543B-01

AMIH -DO0FR-00
XBAX  4.722B+02
¥MRX  §.934B-02 ®! A

1 1 1 i L] i 1 =3

120.160,200.240,280,320,360.400.440450.
Time (sec]

ABAQUS

=1 i
Up/downs team
Displacement 06
Inpuc Motion SHAREKEER
LVDT # 4
{inches) .
-. 10|
-. 15+
X¥IY  -DOOE+0D
XHaX 4.722E+02
YHIH -1.024
THAX 9.321%‘:82 .20 1 L I | i L L i 1 i i
0. 40. BO. 120.160.200.240,280.320.360.400.040¢80.
Time {(sec)
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Used tc Evaluate
Linear and Won-linear
Material Propertys
For
ABAQUS STANDARD & EXPLICIT

Determination of Mesh Sensitivity
Non-linear Material Propertys

Failure Stress = 55 psi

¥ode I Fracture Energy = 0.2012

Crack Opening Strain = .001375

ABAQUS

HITan Finite BElement Mesh #1
| Uses Two Tiesd Contact Surfaces
Ta charnge Mzsh Density

ABAQUS

Finite Element Mesh #2
Usas Two Tied Contact Surfaces
To change Mash Density

R B

N
[E TR TATA B
EEERT

ABAQUS

Finite Element Mesh #3
poes Mot Use Tied Coptact Suxiaces
To change Meah Density




Zzp =2anbtg

l_

ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Used tec Evaluatce
Linear and Non-linear
Material Propertys
For
ABAQUS STANDARD & EXPLICIT

Determination of Mesh Sensitivity

ABAQUS

Finite Elsment Mesh #4

Ee—
us

m=
i L]

HH
¥

ABAQUS

Finite Element Mesh #5

ABAQUS

Finite Element Mesh #6
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ABAQUS
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ABAQUS

Koyna Laboratory Model Study
Locations of Instrumentaticn
Uncracked Model Study

Laboratory Test Model

Instrument Elevation

Accell4
Accell5
Accell6
hccell?
AccellB

LVDTO1
LVDT02
LVDTO03
LVDT04

49 .6 inches
71.5 inches
81.6 inches
103.6 inches
103.6 inches

23.6 inches
49.6 inches
61.6 inches
90.1 inches

Corresponding

Face Node
Upstream 503

Upstream 1534
Upstream 1955
Upstream 2075
Top 2085
Downstream 298

Upstream 503

Downstream 1135
Downstream 2010

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh #1 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelerometer ACCELQOS

il

|
1

2
Plgn-$iew - Node 2085 - Center of Top Face

ABAQUS

Location of Nodes in
ABAQUS Model ( Mesh #1 )
Elev. View - Vertical Face
Used for Comparisons of
pisp. and Accel. Time Histories
Horizontzal Accelerometers

Node
2075
1955
1534

503

Elevation
103.6 inches
82.3 inches
70.9 inches

50.9 inches

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #1 )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT's

g Node Elevation

§%mh 2010 87.6 inches

H L 1135 60.8 inches

- 298 23.6 inches
[_g HEEE
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ABAQUS

Koyna  Laboratory Model Study
Locations of Instrumentatiocn

Uncracked Model Study
Laboratory Test Model

Instrument Elevation

Accel04 49.6 inches
Accells 71.5 inches
Accell6 81.6 inches
Accell? 103.6 inches
AccelD8 103 .8 inches
LVDTOL1 23.6 inches
LVDTO2 49 .6 inches
LVDTO3 61.6 inches
LVDT04 90.1 inches

Corresponding

Face Nede
Upsktream 118
Upstream 287
Upstream 610
Upstream 707
Top 17
Downstream 8
Upstream 11E
Downstream 407
Downstream 762

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh #2 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelerometer ACCELOS

P1£n~%iew - Neode 717 - Center of Top Face

ABAQUS

Location of Neodes in
ABAQUS Model { Mesh #2 )

- Vertical Face
Used for Compariscns of
Disp. and Accel. Time Histories
Horizontal Accelercmeters

Node Elevation
707 103.6 inches
£10 82.3 inches
3 267 70.8% inches
3~J; 118 43.1 inches

Elev. View

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #2 )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT’s

Node Elevation

762 95.1 inches
407 683.2 inches
3 23.6 inches
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ABAQUS

Kovna  Laborat

Lotations of

Uncracked Model Study

Laboratory Test Model

Instrument Elevation

Accel(d 49.6 inches
Accel0s 71..5 inches
Accellb 81.6 inches
Accel0? 103.6 inches
Accel(s 103 .6 inches
LVDTOL 23.6 inches
LVDTO0Z 49,6 inches
LVDTO03 61.6 inches
LVDT04 80.1 inches

ory Model Study
Instrumentation

Corresponding
Face Node
Upstream 519
Upstream 419
Upstream 204
Upstrean 1786
Top 178
Downstream 859
Upstream 519
Deownstream 511
Downstreamn 196

ABAQUS

Locaticon of Nodes in ABRQUS Model ( Meshi3 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelerometer ACCELOS

Plgn—%iew - Node 179 - Center of Top Face

ABAQUS

Locaticn of Necdes in
ABAQUS Model ( Mesh #3 )

- Vertical Face
Used for Compariscons of

Elev. View

Disp. and Accel. Time Histories
Horizontal Accelerometers

Node Elevation

176 103.6 inches
204 80.6 inches
491 72.3 inches
519 48.6 inches

ABAQUS

Location of Nodes in

ABAQUS Model ( Meshi#3 )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

5

HEPYEE Horizontal LVDT's

Hiahdi g

(FELLT Node Elevation

WERYEN

LR 15986 90.1 inches

s 511 61.6 inches
858 23.6 inches
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ABAQUS

Koyna Laboratory Model Study
Locations of Imnstrumentatlion
Uncracked Model Study

Labocratory Test Model

Corresponding

Instrument Elevation Face Ncde
Accel04 49 .6 inches Upstream 118
Accel05 71.5 inches Upstream 267
Accellb 81.6 inches Upstream 610
Aocell7 103.6 inches Upstreanm 707
Accel(8 103.6 inches Top 717
LVDTO1L 23.6 inches Downstream 8
LVDTO02 49 .6 inches Upstream 118
LVDT03 61.6 inches Downstrean 407
LVDT04 90.1 inches Downsgtream 762

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh #4 )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Accelercmeter ACCELOS

o
Pan—?iew - Node 401 - Center of Top Face

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #2 )

Elev. View - Vertical Face
Used for Comparisons cf

Disp. and Accel. Time Histories
Horizontal Accelercmeters

Node Elevation

397 103.6 inches
469 2.2 inches
1621 71.6 inches
16583 50.3 inches

ABAQUS

Location of Nodes in

ARAQUS Model ([ Mesh #4 )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT's

Node Elevation

450 30.3 inches
1665 0.9 inches
2788 23.6 inches
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ABAQUS

Ko

yna Laboratory Model Study

Locations of InStrumentation
Uncracked Mcdel Study

Laboratory Test Model

Corresponding

Instrument Elevation Face ode
Accel(4d 49.6 inches Upstream 118
Accell5 71.5 inches Upstream 267
Accells B1.6 inches Upstream 610
accel0? 103.6 inches Upstream 707
AccellB 103.6 inches Top 719
LVDT01 23.6 inches Downstream 8
LVDT02 49 .6 inches Upstrean 118
LVDTO03 61.6 inches Downstream 407
LVDT04 90.1 inches Downstream 762

ABAQUS

Location
Used for
of Disp.
Vertical

of Nodes in ABAQUS Model ( Mesh #5 )
Comparisons

and Accel. Time Histcries
Accelerometer ACCELQS

Plgn—%iew - Node 22 - Center of Top Face

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #5 )
Elev. View - Vertical Face
Used for Comparisons of
Disp. and Accel. Time Histories
Horizontal Accelerometers

Node Elevation
21 103.6 inches
33 83.6 inches
85 70.7 inches
97 46.4 inches

ABAQUS

Location of Nodes in

ABAQUS Model ( Mesh #5 )

Elev, View

Dovmstream (Sloped) Face

Used for Compariscns of

Disp. and Accel. Time Histories

Horizontal LVDT' s

Node Elevation
32 90.3 inches
92 63 .8 inches
173 23.6 inches
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ABAQUS

Koyna K Labor

ry Model Study

to
Lotations 0% Instrumentation
Uncracked Model Study

Laboratery Test Model

Corresponding
Instrument Elevaticn Face Node
Accell4d 49.6 inches Upstream 196
BRceells 71.5 inches Upstream 104
accells 81.6 inches Upstream 124
Accel(?7 103.6 inches Upstream 163
AccellB 103.6 inches Top 165
LVDTO1 23.6 inches Downstream 289
LVDT02 49.6 inches Upstream 196
LVDTO3 £1.6 inches Downstream 232
LVDTO4 90.1 inches Downstream 140

ABAQUS

Location of Nodes in ABAQUS Model ( Mesh#t )
Used for Comparisons

of Disp. and Accel. Time Histories

Vertical Acceleromster ACCELOS

Plgn—Qiew - Node 165 - Center of Top Face

ABAQUS

L.

Location of Nodes in

ABAQUS Model ( Mesh #6 )

Elev. View - Vertical Face
Used for Comparisons of

Disp. and Accel. Time Histories
Horizontal Accelercmeters

Node Elevation

163 103.6 inches
124 80.8 inches
104 71.5 inches
156 49.8 inches

ABAQUS

BEERR: S
Y 1 )

I3

5

1 B O T
ﬂﬁ?%ﬁﬁﬁ%w. ]

By

Location of Nodes in

ABAQUS Model ( Meshiié )

Elev. View

Downstream (Sloped) Face

Used for Comparisons of

Disp. and Accel. Time Histories

Horizontal LVDT's

Node Elevation

140 92.8 inches
232 62.5 inches
288 23.6 inches
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ABAQUS

ACTLVDT J

-10

LVDT Displacement

Record In .05
i
Actuator 5
% .oc
(inches) A

-.05 |

KMIN .0D0E+00
XMAX 4.B62E+02

¥MIN -1.056E-01 10
¥YMBX 1.397E-01 ok L I 1 L I L | L I |

0. 40. 80. 120. 160. 200. 240. 280. 320. 360. 400. 440. 480.

Time (sec)




Uncracked Koyna Laboratory Study
Determination of the Number of Modes Required

Mesh#3
Material Properties
E = 150 ksi Damping = 5% critical
Material Density = 138.2 pcf Rayleigh Damping Factors
Alpha=2.827433,Beta=.000318
Peak Accelerations
Number of Modes Varied
80
Accal#7

70 = e 5
&
g
5 60 |-
E A & )]
© Accal#s
| e ]

50 I — e .

A—A—
Acceli#d
40
0 5 10 15 20 25
Number of Modes Included in Analysis
Peak Accelerations (inch /sec”2)

Number of Modes Used 2 3 10 20 LAB
Accel#7 71.71 71.71 69.98 69.99 53.26
Accel#6 57.60 57.66 57.99 57.99 51.72
Accel#5 53.67 53.67 54.55 54.64 49.26
Accel#4 47.89 47.89 49.35 49.56 47,72

CPU Time (sec) 53.04 56.91 163.21 210.84

Figure e2



Material Properties

E =150 ksi
Material Density = 138.2 pcf

Uncracked Koyna Laboratory Study
Determination of the Number of Modes Required

Mesh#3

Peak Displacements

Damping = 5% critical
Rayleigh Damping Factors
Alpha=2.827433,Beta=.000318

Number of Modes Included in Analysis

Number of Modes Varled
2.5
~  LvDT#4
- -—— ) S
5 = |
a N
=
E @ 15 —
i
= =
o —_
S E -
5 " : L
P —  LVDT#3
L o &
0.5 = '
e N —
— LVDT#2
0 — el
0 5 10 15 20

25

Peak Displacements ( inches )

Number of Modes Used 2 3 10 20 LAB
LVDT#4 2.2E-08 2.2E-03 2.1E-03 2.1E-03 7.2E-04
LVDT#3 6.3E-04 6.3E-04 7.9E-04 7.9E-04 3.1E-04
LVDT#2 3.4E-04 3.4E-04 4.7E-04 4.8E-04 2.1E-04

Figure e3



Humber of Modes Extﬁ?ted in E;regg_gnc:.: Malysj;s variefil Number of Modes Extracted in E:req-uenc}: Rnalys:‘t_a Va.:ie&;:l
—— 3_MODES_17E —— 3_MODES_204
—— 10_MOBEB_176 —— 10_MOD2S_204
—— 20_MOCES_176 —— 20_MODBS_204 40.
—— LaB 40. - — iAB
Linear Elastic Linear Elastic
Material Properties p.| - Material Froperties o.
STANDARD Analyses STAMDARD Analyses
Uncracked Model Uncracked Model
Boceleration Accaleration
at RCCEL#7 40 - at ACCEL#E
Modol Domping. 5% Hodnl Damping, S% Al
Density = 138 pel Dangity = 13B pek
Input Freg = 14 Hz Fileonme:BHAKEA Iapus Freq = 14 Hz Filename:BSHAKEA
Tobal Timo & 375.75 to 380 wes .gQ, 1 ! i L Fotal Ties o 27%.95 to 390 sec i I 1 1
.75 .BO .85 .90 .95 1.00 iy - .80 .85 .50 .45 1.00
STEP TIME STRE PIME

ADBAQUS Modal Dynewic Anslyses ve Laborncory Meaourements ABAQUS Modal Dynamic Analyses ve Laboratory Mosdurensnts

peo sanbtd

ABAQUS ABAQUS

Number of Modes Extracted in Freggencg[ Analysis varied Numker of Mcdes Extracted in Frequency Analysis Varied
T T L] T T T T
—— 3_MODES_491 40.
— 10_MODES 691 10. -
—— 20_MODES 491
—— LAB

20.

Linear Elastic
Material Properties o. 4
STANDARD Analyses
Uncracked Model
Acceleration

at ACCELH#S

Modol Demping, 5%

Linear EBlastic
Material Properties g.
STANDARD Analyses
Uncracked Model
hcoeleracion

at ACCEL#4

Modal Dasping, 3%

-20.

-al.

Denalty = 138 pok Dpecskzy = 138 pot

-40.1-
Input Froq = 14 Hz Filenome : GHA Input Freg = 14 Hz Fllonaoe:SHA

TFotel Tine « I79.76 o 260 coc 1 L] L 1 Total Tisn @ #73.7% to W0 nes 'l 1
.15 .80 .85 .20 .95 1.00 .15 .80 .85 .90 .95 .00
STEF TIMB STEF TIHBE

ABAQUE Modnl Dynamic homlyses vo Laboracory Hepsuremwntd AEAQUE Modal Dynamic Analysed v2 Laboratery Heasuremencid
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ABAQUS

Mesh Sensitivity
B

MESHI_2075
MESHZ_707
MESHI_176
MESHA_397
MESHS_21
MESHE_163
LAB

NRRERN

Linear Elastic
Material Froperties
STANDARD Analyses
Uncracked Model
Agceleration

at RCCEL#V

Modal Dempliog, 5%

Density=13E pef, B = 150 kal

ilennme: BHAKEA, Inpuc !rtq‘snni { i | 1 i 1 n

.80 52 .94 .96 .98 1.00
STEP TIMB

ABAQUS Modal Oynemic Analyses & Laboracory Moasurenuncs

Total Timo s 379.75 zo 200 soc

ABAQUS

Mesh Sensitivity

MBEH1_1955
MBSH2_610
MEBHI_204 40.
MBSH4_4 69
MESHS_33
MBSHE_124
LAB

LTI

Linear Elastic 0.
Material Properties
STANDARD analyses
Uncracked Model
Acceleraticn

at ACCEL#6

Hodal Dumping, 5%

-40,

Dennity=238 pef, B = 150 kel

Filensme:SHAKEA, Input Freg = 14 M= I 1 [

.90 92 .94 1
STEP TIHE
RBAQOS Modal Dynemic Analysee & Laboratory MeasureSencid

Tetal Tize 1 279.75 to 700 sec

ABAQUS

Mesh Sensitivity

HESHI_1534
WESKZ_257 40.
HESH3_491
HESHS_1621

HESH5_65

MESHE_104

LAB

RRRRRN

Linear Elastia.
Material Properties
STANDARD Analyses
Uncracked Model
Leceleration
at ACCEL#5
Hedal Damping. 5%
Donefcy=138 pet, E = 150 ksl J

M=

Filooames SHAKEA, Input Freq = 1
-80 52 -1 .96 .98 1.00
STBP TIME

ABAGUZ Modal Dynamlc Analyses & Laboratory Measurcasnts

=40

Totel Time  2765.7% to 360 coc

ABAQUS

Mesh Sensitiviﬁy

HBSH1_503
MESHZ_118
MESH3I_S519
MESH&_1693
MESH5_97 2d.
MBSHE6_196
LAE

[T

Linear Elastic 0.
Material Properties
STANDARD Analyses
Unecracked Model
Acceleration

akt ACCEL#4

Hodal Damping. 5%

-20.

Dened ty=138 pof, B « 150 kal
Filopams: SHAKEA, Inpu:t Preg = 1 i

.90 .92 511 -85
STEP TIMB
ABAQUS Modal Dynacic Analyses & Luborztory Meadureaencs

Tobal Ties o 275.78 o 260 nec

.98 1.00
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Mesh Density

Comparison of Displacements
ABAQUS STANDARD
Modal Dynamic Analysis

Input Record SHAKEA
Modal Damping, 3.5%
Elastic Modulus = 150 ksi
Density = 138.2 pct

ABAQUS

Mesh Sensitivity

x107%]

H28H1_2010
MESHZ_T62 2.
MESHI_195
MESHI_450
HESHS_32
MESHE_140
LARDL

[T

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model ‘2.
Displacement

at LVDT#4

N
i |

.90 .92 .94 -9B6 .98
STEP TIME

ABAQUS Modal Dynamic Analyoes & Laboratory Measuramentcs

Toeal Tlap 1 279,50 to 380 sec

1.00

ABAQUS

Mesh Sensitivify
(x10°%]

MESH1_1135
HESH2_407
HESH3_511
HESH&_1665
HESH5_92
HESHG_232
LAED3

[T

Linear Elaastic
Material Properties
STANDARD Arnalyses
Uncracked Model
Displacement

at LVDTH3

-390 +92 -94 .96 .98
STEP TIME
ABAQUE Modal Dynamlic Analysces & Laboratory Measurclents

Toral ¥ime ¢ 279.90 o 200 weo

ABAQUS

Mesh Sensitivity

.5
-3
— MBSH1_S03 I_[Xlﬂ 1
—— uESH2_118
—— MBSH3 519
—— MESHA_1693
MESHS_19
——— MESH6_196
— Lamp2

.0
Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at LVDT#2 -.5

L Il 1 1

.80 83 .94 .98 Bl
STEF TIHE

ABAQUS Modal Dymamic Analyses & Leboratory Meiourcmento

Tozal Time » 179.90 to 18] sac

1.00
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ABAQUS

Response Spectrum Analysis
Meshiil
Critical Element #1356, 1369
Maximum Principal Stress
For Input Record SHAKEA

23.04 pedi

ABAQUS

Response Spectrum Analysis

Meshi2

Critical Elements #120 & #123

Maximum Principal Stress

For Input Record SHAKEA

15.22 psi




97 =inbta

ABAQUS

Response Spectrum Analysis

Meshi#t3

Czitical Blement #2B2 & #330
Maximum Principal Stress
For Iaput Record SHBRKEA

14,59 pel

ABAQUS

Response Spectrum Analysis
Heshird

Critical Elements #1128 & #1288

Maximum Principal Stress

For Input Record SHAKEA

17 pei

ABAQUS

Response Spectrum Analysis

teshits

Critical Elements #27 & #45

Maximum Erincipal Stress

For Ipput Record SHAKER

9.42 pai

ABAQUS

Response Spectrum Analysis

Mesh#6

Ccritical Elemencs #74 & #75

Maximum Frincipal Stress

For Input Record SHAKEA

9.35 psi




ABAQUS

8P3 VALLE
- 45.20B-01

- +2.18B+00
- +3.74B+00
|- +5.3DE+0D
|- +6.55B+00
+B,41E+00
+$.9TE+00

- +1.31E+D1
+1.46E+01
+1.6ZE+D1

Response Spectrum Analysis

Meshiil

Maximum Principal Streas

Envelope

For Imput Record SHAKER

ABAQUS

+1.36BE+01
+1.47E+01

Response Spectrum Analysis

Mesh#2
Maximun Principal Stress
Envelope

For Input Record SHAKEA

L3 eanbta
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ABAQUS

SF3 VALDE
94B-01

T1B+0D
.73B+00
-TAB+00D
JIEE+00
- 5, 7BE+DD
< +6 . TRE+DD
™. +7.B1E400
< +8.83E+DD
+9 . B4E+00
+1.09E+01
+1.3192401
-+1.28B+01

+1.398-01]

Responsge Spectrum Analysis

Meshi#l

Maximum Principal Stress

Envelope

For Ioput Record SHAKEAR

ABAQUS

Response Spectrum Analysis

Meshis

Maximam Principal Stress

Envelope

For Inpuk Record SHAKER

ABAQUS

SE3 VALUE
g— +4 .49B-01

- +2.39E+00
< +3.03E+00

+6,272+00
< +6.91E+00
- +7.56B+00
- +B.208+00

+B.85B+00

Response Spectrum Analvsis

Meshi#s
Maximum Frincipal Stress
Envelops

For Input Record SHAXEA

Response Spectrum Analysis

Mash#b

Maximum Brincipal Stress

Envelope

For Impubk Record SHAKER
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ABAQUS

Responge Spectrum Analysis

Meshil

Critical Element #1366,136%
Maximum Principal 3tress
For Input Record SHAKER

227.60 psi

ABAQUS

Response Spectrum Analysis

Hesh#z
Critical Elements B120 & #123
Mawimum Principal Stress
For Input Record SHAEEE

149 pei
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ABAQUS

Response Spectrum Analysis

ﬁélﬁ'ﬁ‘m Mesh#3
oy

Critical Element #282 & #330
Maximum Principal Stress
For Input Record SEAKEE

143.20 pai

ABAQUS

L.,

LT
e

(i
ﬁ-.nl

Response Spectrum Analysis
Heshitd
Critical Elements #1128 & #1288
Maximum Principal Stress
For Ioput Record SHRKEB

168 psi

ABAQUS

Response Spectrum Analysis

Meshis

Critical Elements #27 & $#45
Maximum Principal Stress
For Input Record SHAKEE

88.98 psi

ABAQUS

Response Spectrum Analysis
Mesni#é
Ccritical Elements §74 & #75
Maximum Frincipal Stress
For Input Record SHAKEE

88 psi
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ABAQUS

——

SF3 VALUE
+5.22B+00

L1S5BE-01
LEFE+OL
.22E+01
.75E+01
-EBE+D1
-BlE+D1
+1.13E+02
+1.28E+02
+1.44E+02
+1.59B+02
+1.75E+02
- +1.208+02

Response Spectrum Analysis

Hesh#l

Maximum Principal Stress

EZnvelcpe

For Input Record SHAKEB

ABAQUS

SF3 VALUE
+4 . BI2+00

+1.56E+01
- #2.64E+01
- +3.718+01
- 44 .78B-01
- +5.86B+01
- #6.938+01
+8.01B+01
- 49 . 0BE+01
+1.028+02
- +1.12E+02
- +1.23B+02
= +1.34B+02
+1.458B+02

Response Spectrum Analysis

Mesh$2
Maximum Principal Streas
Envelops

For Input Record SHAFEB
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ABAQUS

SP3 VALUE
+6 . BTE+00

+1.69E+01
- +2.69B+01
- +3.60E+01
[~ +4 .59E+01
+5,59E+01
- +6.69E+DL
- +7.69E+01
']~ +8.69E+01
=9 .69E+01
- +1.078+02
- +1.172+02
- +1.278+02
+1.37B+02

3

L2,

Response Spectrum Analysis

Mesh#3

Maximum Principel strese

Envelope

A%, For Inmput Record SHAKER

ABAQUS

Regponse Spectrum Analysis

Mashid
Maximum Principal Stresa
Envelope

For Input Record SHAKEB

ABAQUS

SF3 VaLUB
+4.24B-00

+1.02E+01
= +1.65B+01
- +2.26B+01
- +2.87B+01

+3.4BB401
- +4 . 0FB+DL
+4 . 70B+D1
+5.31B+01
+5.92E+01
+6.53E+01
+7.14E+01

Response Spectrum Analysis

Hesh#5
Maximum Principal Stress
Envelope

For Input Record SHAKEB

ABAQUS

&3 VALOR
~ +5.46R+0D

+L.18B+00
= +1.738+01
- +2.32B+01
- 42.91E+01
+3.51E+01
~+4.10B+01
o1 +4.69B+0L
~5.28E+01
=5.87E+0L
+6.4TE+01
+7.06E+01
+47.65E8+01
~ +8.242+01

Response Spectrum Analysis

Mesh#6
Maximum Principal Stress
Envelope

For Input Record SHAKEE




Material Properties

E = (90, 113, 120, 157, 200, 300, 350 ksi )
Material Density = 138.2 pcf

Uncracked Koyna Laboratory Study

Sensitivity to Variation in Elastic Modulus

Mesh#3

Damping = 3.5% critical

Rayleigh Damping Factors
Alpha = 1.954769; Beta = .000248

Natural Frequencies

Elastic Modulus Varied
120 —
100 —
an e Ay
- = L
.
g
% b e
s - L
3 I=
E - | e
= ¥
0
= B s -
1= e
- —T"
= g
=
50 100 150 200 250 800 350 400
Elastic Modulus ( ksi )
Natural Frequencies  (Hz)
Mode 90 113 120 157 200 300 350 LAB
1 1241 13.6 14.0 16.0 18.0 222 23.9 18.0
2 23.2 26.0 26.8 308 34.6 424 457 24.0
3 41.9 47.0 48.4 55.4 B82.5 76.6 82.7 30.0
4 49.9 55.9 57.6 65.8 74.4 91.1 98.4
5 52.1 58.4 680.2 £8.8 77.7 95.2 102.8
B 53.8 80.2 62.1 71.0 80.1 98.1 106.0
7 57.1 64.0 85.9 75.4 85.1 104.2 112.8
8 57.8 84.8 86.8 76.4 86.2 105.8 114.0
9 58.4 85.4 67.4 774 87.0 106.6 115.1
10 59.5 86.7 68.7 78.6 88.7 108.7 117.4

Figure gl



Material Properties

Uncracked Koyna Laboratory Study
Sensitivity to Variation in Elastic Modulus
Meshi#3

E = (113, 120, 157, 200, 300, 350 ksi ) Damping = 3.5% critical
Material Density = 138.2 pcf

Rayleigh Damping Factors
Alpha = 1.954769; Beta = .000248

Peak Accelerations
Elastic Modulus Varied
a0
80— ATCEmT
— \l\
3 Sy
£ u
'-*5- & Accel#8 Rx"“"-x____‘
g 9. ——
o 60 *m" ——
3 Accel x,““:....e Rpe " ASSCRNESEREET
. e e
50 [-Accolid S—— : —
40 —
100 200 300 400
Elastic Modulus ( ksi )
Peak Accelerations (inch /sec*2)
113 120 157 200 300 350 LAB
Accel#7 79.31 Tieadi 68.75 64.53 5714 57.39 53.26
Accel#6 63.80 81.74 57.19 54.46 50.50 49.85 51.72
Accel#5 60.60 58.90 54.54 53.34 49.42 48.51 49.26
Accel#4 52.28 51.69 49.47 49.50 46.97 46.47 47.72

Figure g2




Material Properties

Material Density = 138.2 pcf

Uncracked Koyna Laboratory Study
Sensitivity to Variation in Elastic Modulus

E = (1183, 120, 157, 200, 300, 350 ksi )

Mesh#3

Damping = 3.5% critical
Rayleigh Damping Factors

Peak Displacements

Elastic Modulus Varied

Alpha = 1.954769; Beta = .000248

— L LVDT#4
3=
T E
B w [
E ﬁ .
B H= ~
o = & LYDTH3 H““*-E__H__
' E — —— —
— A = .. .
VDT =y T T -
= ) s s — g
0 = : =
100 200 400
Elastic Modulus ( ksi )
Peak Displacements ( inches )
113 120 | 157 200 300 350 [LAB ]
LVDT#4 3.1E-03 3.0E-03 2.0E-03 1.5E-03 9.2E-04 7.8E-04 7.2E-04
LVDT#3 1.2E-08 1.1E-03 7.4E-04 5.5E-04 3.6E-04 3.0E-04 3.1E-04
LVDT#2 6.9E-04 6.5E-04 4.4E-04 3.3E-04 2.2E-04 1.8E-04 2,1E-04

Figure g3
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ABAQUS

Elastic Modulu
Varied e
B113_176
E120_176
B157_176
EZD0_176 10,
E3D0_17&
E350_176
LAB
Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#7

Modal Duapizg, 3.5%

[T

-40.

Moterisal Deculty = 138 pef

ABAQUS

Elastic Modulus

Varie

B113_204
B1l20_204
2157 _204 40,
B200_204
B300_204
B350_304
LAB
Linear Elastic
Material Propertiss
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#G6

Modal Oamping, 3.5%
Haterial Density = 138 pcf

A

0.

-al.

211 cnape : BHAKER s b Filerame: SHARER
]
Total Tima & 239.75 to 100 sec .85 .80 ‘Igs 1.00 Torat Time »+ 278,75 ko 2E0 sec .B5 .50 .05 1.00
STEP TIME STEF TIMB
ABAGUS Mcdal Dynomic Analyoes [E113 to B300) we Laborstory Measurementn (LASB) ABAQUZ Modal Dynamic Anelyses (E113 to B350) vo Leboratory Measurerencs (LAB)
Elastic Modulu ; = Elastic Modulusg ; ;
Varied Varied
—-— Ei13_519
40.1 1 —— B120_519 40.
—— E157_519
— E200_519
— B300_519
— B350_519
= LAR
Linear Elastic Linear Elastic
Material Properties ' 7 Material Properties U
STANDARD Analyses STANDARD Analyses
Uncracked Model Uncracked Model
Acceleration Acceleration
ak ACCEL#S5 at ACCELw4
Modnl Dasplng, 3.5% -40. - Modnl Damping, 3.5% -40.
Materinl Deasity = 138 pot Materinl Deasklty = 138 pot
Filenamue: BHAKER Filename: SHAKEA
'l i
To:al Tlmo s 179.75 o 160 swc L85 .ag .95 1.00 Total Tiza » 279.75 to 280 sec L85 .80 .95 1.00
STEP TIME STEP TIME

ABRQUS Modal Dynemic Analyses (E11) vo E350) va Laboratory Hoasurements (LA3)

ABAQUS Mcdal Dynemle Analyses (Bil) co 5350) ve Laboratory Measuremencs (LAS)
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study

Sensitivity Study

Variation of Elastic Modulus

Comparison of Displacements
ABAQUS STANDARD
Modal Dynamic Anzlysis

Input Record SHAKEA
Modal Damping,
Density = 138.2 pcf

Mesh # 3

3.5%

ABAQUS

Elastic Modulus,,

[x1073]

—— 3113 195
— 3120_195
— 3157_196

------ B200_196
—— B300_196
—— B350_196

—— LhBDS
Linear Elastic
Material Propartiea
STANDARD Analyses
Uneracked Model
Displacemant
at LVDTHE

-890

Total Tide | 239.70 to IF sec

.92 -84 .56
STEF TIME

ABAOIS Modsl Dynamic Analyses § LabOCatory Hoasursuants

ABAQUS

Elastic Modulus

[207%)
B113_511 1.0
B120_511
B157_511
B200_511
EB300_511
2350_511
LABD3

LT

Linear Elastic
Material Properties
STANDARD Apalysesn
Toncracked Model
Displacement 1.0
at LVDTHI

.80

Total Tiee ¢ ATH.50 1o 300 ez

.92 94 .96
STEP TIME

ABAQUS Hodnl Dynacic Analyses & Laboracory Heasurosants

ABAQUS

Elastic Mcdulus

[x107%]

E113 518
E120 518
B157_518
B200_519
2300_519
2350_5189
LABD2

LT

Linear Elastic
Material Propercties
STANDARD Analyses
Uncracked Model
Acceleraticn

at LVDTH2

i 1 i

-1.
.50

Tewsd Ticm ¢ I79.58 Lo 393 mec

82 .94 .96
STE? TIME

ABAGUS Hodal Dynamic Aoslyson & laboratory Heasuzooeats
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Uncracked Royna Leboratory Study Uncracked Koyna Laboratory

Sensitivity to Variation in Elastic Modubs Sansitivity 1¢ Variation in Elastic Moduus
Mashad Mestad
6 hz Input Fraguency 10 hz Input Frequency
Matarial Properies b aierial Propentios
£ = 113, 157, 200 e ) Damping = 3.5% oritical E - [ 113, 157, 200 ksi ) Damping = 3.5% critlcal
paterial Density = 136.2 pel Rayweigh Damping Faciars Matsrial Density = 136.2 paf Rayielgh Damping Facters
Apha = 1654768, Bela = 000248 Alpna = 1.854768; Buta = (00243
Peak Accelerations =
Easilc Modukus Varlad with & 1 Ingul Modon Peak Accelerations
" Ekatlc Modukua Varad with 10 hx input Mallan
Aol | 4 —a * l |
B— [ —
;4

& _,..--""".'-r e
e il .)“{/ .‘-r"'_”’ Tl
- e i,
- o i s = e
o - Accelb-gte S
occla-10me
1. | un
10 120 o 0 ] E a2 oo - " 10 Lo L e
Eiasile Moaskss (ks ) Etaslic Modubs (K |
Paak Accelerations (inch fsec* 2) Pean Accalerallons ( non/sec 2 )
10hz Motion 113 157 200] __Lab 10 fe
Accaly-ore 2462 4 79| Accel#T-6hz 1755|
Accelsé-Bhe 2002 20.31 20,83 | Accelt-Gha 17.86
Accelis-bne 18.40 18.08 20.45 | Accelws-Bhz 16.83
Accelt4-Bhe 17.84 17.65 1856 | Acceléd-Ghz 17.24
Uncracked Koyna Leboralary Study Uncracked Royna Laboralary Siudy
Sensivity 1o Variatior in Elastic Moduius ity 10 Vauiation in Elastic Moduk
Mesh&3 Mesh#a
14 hz input Frequency 18 hz input Fregquency
Materinl Proparies halerial Properics
E = (113, 157, 200 ksl ) Damping = 3.5% criticel E = (113, 157, 200 ksi ) Damgping = 3.5% critical
Material Dersity = 138.2 paf Raykeigh Damping Factors Paterial Dersity = 138.2 pof Rayleigh Damping Faclors
Alpha = 1,854769; Beta = 000248 Alpha = 1.854769; Bota = 000228
Peak Accelerations Peak Accelerations
Elanilc Mevukss Variod with 14 hz inpd Matlzn Elacic Mzdulus Varlad with 18 b Inpul Moton
[ 140
LE-Rl g
& AcCONT- Wi 8o L
E 103
]
— ]
e [ ey 5 Acesai it ‘\“"“‘ﬁ—-_._______‘
"] - i " i — S
Accasrbe | | e - % T —m—
> — L ! T [
58 T = 0 |y T ———
| AL ATBT
40 40
100 120 140 180 00 20 E: 03 120 140 160 180 w0
Elasilic Modulus { ksl } Elaste Modulus (s ]
Peak Accelerations [ inchfsec® 2) Paak Accalaralions  inch/sec 4 3]
14 hz Input Moton 13 1s7 200|Lab 14 ha 18 he 13 157 200 |Lan 18 he
75 64.53 | Acca#@?-1dhz 53.26 Accel7-18he 123.2 9243 7949 | Acceld7- 16he 28!
&§7.18 54.46 | Accel- 14h §50.72 Acceltt-1Bhe 85.88 B7.23 61.48 | Accagé-16h 5262
54.54 5334 | Accelds-14hz 49.28 Accel5-18ha 75,55 B1.65 57.8| Accele-18he 3571
45.47 48 5| Accekis-1ahe 4772 Accalt4-18hz 56,15 60.82 48.95 | Acceli-18h 40,02
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i
i
W

A 72
o

Uncrached Koyna Leboralory Study Uncracked Koyra Laboraiory Study
Sensitivity 1o Variation in Elastic Moduls Sensitivity to Vutation in Ekstic Moduls
Mest#d Mesh#3
20 hz Input Frequency 22 hz input Frequency
Matarial Properties. Material Propariss
E = (113, 157, 200 sl ) Damping = 3.6% crilical E= (113, 167, 200 ksi ) Damging = 3.5% ciilical
Material Density = 126.2 pol Rayleigh Damging Facors Materiel Density = 138.2 pcf Aayleigh Damping Factors
Alpha = | .854768; Beta = 000228 Alpha = 1.954769; Bewa ~ 000248
- Peak Accelerations
Peak Accelerations Elaste Modulus Yarlod with 22 42 bigid Molion
Elsbc Madulua Variod wilh 20 I rpul Malen
30
16d
AscsiT g
0 © 5
.Im?-‘!h‘i\ \
F 12z ﬁ. 200
£ [, £ Lot \
5 e ] ““-._,-,__________“_ g 150 S e S —— oy
™ ——— — - e
g ] e | E 108 ‘\‘H-“‘*-J.:“- e
® = — P = E—— S,
Acosed-20iw
@0 B0
2 = - 2 |
100 1 140 180 182 00 220
100 120 e 180 E
Blasle Mocuks [kl ) Eleatie Modulys (xsl ]
Pank Accelaialions (inch / sec * 2 ) Peak Accelaralions | inch /see * 2 |
113 157 200] L 22hzipuE__ Motion 113 157 200] b o
130.80 9. 7555 | Acoalt7-20hz Aocel7-22he 28160 14420 110.20} Acceli7-22nz | B5.57
90.25 B5.08 5714 | Acceltt-20ha Accel6-22he 166.30 100.10 £2.04 Acceti-22nhe 60.03
7707 57.85 52.66)| Accel?5-20he Accels-22he 134.40 8708 73.89| Accely5-22hz 55.72
52.48 44.84 43,31 | Accalld-20hz Acceld-23hz 7124 61.60 57.66 | Accelys-22he 5233
Uncracked Koy Laboratory Sludy Uncrached Koyra Laberalory Study
Sensitivity 10 Veriation in Elastic Moduks Sensitivity to Variatlon in Elastic Modulss
Meshad Mash#3
24 ha input Frequency 26 hz Input Frequercy
j ateriol Propenies Malerial Properties
E = (113, 157, 200 fesi ) Damping = 3.5% eritical E = (113, 157,200 hsi ) Damping = 3.6% critical
Material Darsity = 138.2 pof Rayleigh Damping Faciors b aterial Density = 136.2 pel Fayleigh Damging Faciors
Alpha = 1.85476%; Bela - 000248 Alpha = 1.954768, Beta = 000248
Peak Accelerations Peak Accelerations
Etasde Mocubs Vaded wiin 24 bz Irput Mation Baskc Modulus Varlod with 26 nzinput Motion
3 1809
Acczl 724

Acoolorsticn (1Vs°2)
E B

100.50 6285

2 ]
G e N o
\L — o s
Acoolis St i Accens-2n) T
Acoimd-2era) = P —
a
0o 120 140 180 10 el =0 olﬂd 120 140 160 100 =0 E=
Eiaste Modulus { ksl | Eestic Modutus { kel ]
Peak Acceteralions { inch [sec* 2) Peak Acceleratiors (irch/sec* 2 )
113 157 113] 157
523.00 174.50 101 2386
285.30 11260 2853 1126
217.80 85.42 i




Material Properties
E=(113, 157, 200 ksi )
Material Density = 138.2 pel

Uncracked Koyna Laboratory Study
Sensitlvity to Variation in Elastic Modulus
Mosh#3
6, 10, 14, 18 hz Input Frequency
Vertical Accelerations

Damping = 3.5% critical
Rayleigh Damping Factors

Alpha = 1.954769; Beta = 000248

Peak Vertical Accelerations

5, 10, 14, 18 hz Input Motions

15
Accelsd-18hz|
& 10
w
£
5
§ Acoee-1ahz o
. — el s
g 5 i ==
oot —— [ ey e
Acoal#8. Bhe [——=l i
[ s e
a
100 120 140 1680 180 200 220
Elastic Modulus ( sl )
Paak Acceleralions ( Inch /sec A 2)
Motlen 113] 157 200 Lab
Accal#8- 8hz 1.356 1,791 1.086 | Accel#8-ohz 3.604
Aceel##B-10hz 3.18 8.07 2.45 | Accel#8-10hz 8.773
Accal#6-14hz 5.73 3.87 3.23 | Accel#6-14hz 11.08
Accel#8-18hz 12,97 7.66 5.82 | Accel#8-18hz 76.96

Material Properties
E = (113, 157, 200 ksi )
Material Dengity = 138.2 pef

Uncracked Koyna Labaratory Study
Sensitivity 1o Variation In Elastic Modulus
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Material Properties
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Material Properties
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Material Properties
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Ioput Pregels s File:SiAssh, .
Total Tize s IV9.75 to 280 sec *

Denpitys 100, 133, & 200 1b/

DEN10O_519 a0.1

A

.75 .80 .85 .50
STEP TIME
ve Laboratcry Heasurements (LAB]

ABRQOS Modal Dynamie Analyses

1.00
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ABAQUS

Material Densitw

Varied so.

DEN100_175
DEN13B_175
DEN200_176
LABY

Linear Elastic
Material Properties
STANDARD Analyses 0.
Uncracked Model
Acceleration
at ACCEL#T

B = 300 ksi 40,

3.5% cricical Damping
Input Freg=14 Hz Plle:SHAKER
Total Timo ¢ 179.75% co 200 soc

Denpicys 100, 138, & 200 iBfaiie | \ 1 |

 ABAQUS

Material Density ! . ; :
Varie

CaN100_204
CRN13IB_204
CAEN200_204 0.
LABE

[

Linear Elastic
Makterial Froperties
STAMDARD Analyees 0.
Uncracked Model
Acceleration

at ACCEL#6

E = 300 ksi
-40. -

3.5% Critical Tarping

loput Preq=ld Y: Filesame:SHANE)
Total Time 3 379.75 to 200 swc

peasitys 100, 138, & 200 ib/cifr [l |

A 'l
.75 .80 -85 5o .95 1.00 1. -B0 .85 890 .95 1.00
STER TIME STEP TIME
RBAQUS Modal Dynamic Analyses ve Laboracory Measucezents (LaB} ABAGUS Mecdal Dynonic Analypes wa Laboratory Measusements [LAB)
Material Density : = . = Material Density : . : !
Varied Varied
DEK100_491 —— DEN100_519 40. i
DEN136_491 40, B —— DEN138_519
DEN2OC_491 -———— DEN200_51%
LABS —— LAB4
20.F -
Linear Elastic Linear Elastic
Material Prcperties Material Properties
STANDARD Analyses 0. . STANDARD Analyses G- -
Uncracked Model Uncracked Modsl
Acceleration Acceleration
at ACCEL#5 at ACCEL#4 e _
E = 300 ksi E = 300 ksi
3,54 Celtleal Dusping “al.- i 3.5% Cricieal Damping
Input Fregsld Bz Flle:SHAKER Input Freg=is Hz l‘ileasm\ﬂhu -
Tatal Timu ¢ 175.75 to 200 cec Total Time o 275.7E to 250 e ﬂ[
Densitys 100, 138, & 200 pof L 1 L i Densicys 100, 238, & 00 1b/ciit 1 1 L I
15 .80 -B5 80 «95 1.00 75 .80 -B5 -90 .55 1.00
STEF TIME STEP TIME

ABRQUS Modal Dynomic Analyoce we Leboratcsy Heasuresencs (LAB)

ABAQDS Modal Dynamic Analyses vi Luboratery Messuredents (LAB)
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ABAQUS

Material Density

Varied so.

DEN1DO_176
DEN13S®_176
DENZDO_176
LaB7 40. 1%

Lipear Elastic
Material Properties
STANDARD Analyses 0.
Uncracked Model
Acceleration

at ACCEL#7

E = 350 ksi -60.

3.5% Crltleal Damping
Input Frug=ld Bz Files:B3AKEA
Totel Thes o« 276.75 zo 2E0 mec

ABAQUS

Material Density

Varied

DEN100_204
DENL3B_304
DENZ00_Z04 40.1
LABE

]

Linear Elastic
Material Properties
STANDARD Analyses 0.
Uncracked Model
Acceleration

at ACCEL#S

B = 350 ksi

-40,
5.5% Cricical Oamplog
Input Fregsld Hx Filonaoe:SEAKES
Total Thes ¢ 379.7%5 ko 280 sec

penaleys 100, 138, & z00 iBf Denalcys 100, 138, & 200 1b/cifs 1 i % )
.75 .BO .85 .80 .85 1.00 .75 .80 .85 1] .95 1.00
STEP TIME STEP TIME
ABRQUE Modal Dynamic Analyees ve Leboratery Messurements (LAB) ABAQUS Model Dynaric Anslyses ve Laboritory Messureaents (LAE)
ABAQUS ABAQUS
Qo
Material Density , . . : Material Density . - - i
aried Varied
—— DEN10D_491 —— DENL00_519 40
—— DEN13B_491 40. B —— DEM138_519
—— Denz00_451 —— DEN200_S19
—— LABS —— LAB4
20.F
Linear EZlastic Linear Blastie
Material Properties Material Froperties
STANDARD Analyses 0.} - STANDARD Analyses 0.
Uncracked Model Uncracked Model
Acceleraticn Acceleration
at ACCELHE at ACCEL#4 g
E = 350 ksi E = 350 ksi
1.5% Criticsl Dasping ~40.1- E 3.5% Critical Damping
Input Preg=14 H:z Flle:SBAKER Input Freg=id4 Bz Tll:limf‘o
Total Tima o 279.75 to 180 sec Total Tise i 171%.75 to 100 Eec >4
Densitys 100, 138, & 200 pef L L 1 L peneitys 100, 138, & 200 ibfe 1
W5 .80 .85 .90 .65 1.00 .75 .80 .85 .90 .95 1.00
STEP TIME STEF TIME

ABAGUS Model Dynaslc Aneclyses vo Loborstory Measurements [LAG)

ABAQUS Modal Dyneadc Analyses ve Laborascory Heasuremencs (LAR)




Material Property Sets

Uncracked Koyna Laboratory Study

Sensitivity to Variation in Percent Critical Damping
Mesh#3

Linear Elastic Material Property Set #1 :
Linear Elastic Material Property Set #2 :
Linear Elastic Material Property Set #3 :
Linear Elastic Material Property Set #4 :

Elastic Modulus = 190 ksi;
Elastic Modulus = 200 ksi;
Elastic Modulus = 210 ksi;
Elastic Modulus = 250 ksi;

Natural Frequencies

For Material Property Sets #1-#4

80

40 ————Fhird-NaturalFrequeneies

Natural Frequency ( Hz )}
|

Material Density = 133 pcf
Material Density = 140 pcf
Material Density = 140 pcf
Material Density = 140 pcf

o e
Second NarurFI Frequencies

20 1
— [}

— First Natural Frequencies

2

3

Material Property Set Number

Natural Frequencies (Hz)

Material Property Set # 1 2 3 4 |LAB

Mode
1 18.0 18.0 18.4 20.1 18.0
2 23.2 26.0 26.8 30.6 24.0
3 41.9 47.0 48.4 55.4 30.0

Figure hl



Modal Damping = ( 3.5%, 5%, 10%, 38% & 88% ) critical

Uncracked Koyna Laboratory Study

Sensitivity to Variation in Percent Critical Damping
Mesh#3

Peak Accelerations

Percent Critical Damping Varied

Linear Elastic Material Property Set #1 : Elastic Modulus = 190 ksi; Material Density = 133 pcf

65

:_ﬂfwmw
50 e
g T
@o I T
£ e T
‘g 55 ;ﬂf‘.ﬂl#ﬁ B T —
® L %o ..o _ e
3 L & |
@ Accel#s ~A—0w |
g s, SRS
I S—| ] o e
50 — &
7_!ccel#4
45 C
0 20 40 80 80 100
Percent Critical Damping
) Peak Accelerations (inch /sec*2)

Percent Damping 3.5 5 10 38 88 LAB
Accel#7 61.73 61.17 59.99 57.60 53.90 53.26
Accel#6 54.39 54.23 53.88 53.07 50.87 51.72
Accel#5 53.52 53.25 52.61 51.53 49.80 49.26
Accel#4 49.66 49.44 48.87 48.04 47.32 47.72

|CPU seconds 278.83 278.85 278.89 268.59 267.18

Figure h2




Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = ( 3.5%, 5%, 10%, 38%, & 88% ) critical

Linear Elastic Material Property Set #2 : Elastic Modulus = 200 ksi; Material Density = 140 pcf

Peak Accelerations

Percent Critical Damping Varied

65
j l,{«cce[#?
50 Sy
s e
@ B TR
:‘E" B HHE““"“‘-—-—_
S 55 |Accal#s e
E L @9 s B x‘*“"ﬁ-'
o & |
2 Aocel6~d— | | T
& —E—— acte
o e g
Eccel#-'-l
45 L - :
0 20 40 60 80 100
Percent Critical Damping
Peak Accelerations (inch/sec*2)

Percent Damping 3.5 5 10 38 88 LAB
Accel#7 61,73 61.17 53.99 57.60 53.90 53.26
Accel#6 54.39 54.23 53.88 53.07 50.87 51.72
Accel#5 53.52 53.25 52.61 51.53 49.80 49.26
Accel#4 49.66 49.44 48.87 48.04 47.34 47.72

Figure h3




Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = (3.5%,5%,10%,38%,&88%, ctitical

Linear Elastic Material Property Set #3 : Elastic Modulus = 210 ksi; Material Density = 140 pcf

Peak Accelerations

Percent Critical Damping Varied

65
.: @ Accel#7
_OrC l““‘lﬁ_ﬁ
2\.{ — “'-—-.________H
___t{J_ _-__""“-—-_____
E L -
S 55 . -
= A 4 o ——
g e y —=
‘% Eccel#s r—— e Y
50 = ——— e
Eccel#ni-
45 _ - —
0 20 40 80 80 100
Percent Critical Damping
Peak Accelerations (inch /sec *2) ]
Percent Damping 3.5 5 10 38 88 LAB
Accel#7 61.31 80.51 59.15 56.91 53.68 53.26
Accel#6 53.22 53.23 53.21 52.67 50.70 51.72
Accel#5 52.65 52.43 52.02 51.21 49.65 49.26
Accel#4 49.36 43.06 48.57 47.90 47.27 47.72

Figure h4



Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = ( 3.5%, 5%, 10%, 38% & 88% ) critical

Linear Elastic Material Property Set #4 : Elastic Modulus = 250 ksi; Material Density = 140 pcf

Peak Accelerations
Percent Critical Damping Varied
58
@ Accel#7
56 —W—g——1—
— T .
g = —
£ L "
= Accf}l#s
% ” V@__. . PR |
Lﬁ . A\ & . =% - - . |
@O “rri=a
G 5o |AccOE S ——/ ) | B o
<=0 — L
“ Accelitd
45
0 20 40 60 80 100
Percent Critical Damping
Peak Accelerations (inch/sec”2)

Percent Damping 3.5 5 10 38 88 LAB
Accel#7 56.56 56.01 55.76 55.07 52.87 53.26
Accel#6 51.85 51.67 51.22 51.43 50.09 51.72
Accel#5 50.90 50.30 50.04 50.19 49.14 49.26
Accel#4 48.26 47.84 47.41 47.60 47.03 47.72

Figure h5



Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = (3.5%,5%,10%,38%,&88%) critical
Linear Elastic Material Property Set #1 : Elastic Modulus = 190 ksi; Material Density = 133 pcf
Peak Displacements
Percent Critical Damping Varied
2 -
TVDT#4
P N = w———
8 B T T
= — B a2
g T
23 + e
58 11
£ 3 |
D =
8" T
.g‘ [LVDT#3
)R e 2 - —
B —%
| AA—aA A =
LVDT#2 3
{} B i
0 20 40 60 80 100
Percent Critical Damping
Peak Displacements (inches )

Percent Damping 3.5 5 . 10 38 88 LAB
LVDT#4 1.5E-03 1.5E-03 1.5E-03 1.4E-03 1.1E-03 7.8E-04
LVDT#3 5.6E-04 5.6E-04 5.5E-04 5.3E-04 4.4E-04 3.0E-04
LVDT#2 3.4E-04 3.4E-04 3.3E-04 3.2E-04 2.7E-04 1.8E-04

CPU seconds 278.83 278.65 278.89 268.59 267.18

Figure heé




Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = (3.5%,5%,10%,38%,&88%) critical

Linear Elastic Material Property Set #2 : Elastic Modulus =200 ksi; Material Density = 140 pcf

Peak Displacements

Percent Critical Damping Varied

2
LVDT#4
. W Irw—as——
8 B e |
< - e
Eer [ T —
a3 I
g § 1
§2 T
8= T
@ [LvDT#3
i §é 9 —O- - iy N S !
[ B
| AdA—— A5
LVDT#2 A
NS
0 20 40 60 80 100
Percent Critical Damping
Peak Displacements ( inches )

Percent Damping 3.5 5 10 38 88 LAB
LVDT#4 1.5E-03 1.5E-03 1.5E-03 1.4E-03 1.1E-03 7.8E-04
LVDT#3 5.6E-04 5.6E-04 5.5E-04 5.3E-04 4 4E-04 3.0E-04
LVDT#2 3.4E-04 3.4E-04 3.3E-04 3.2E-04 2.7E-04 1.8E-04

Figure h7




Linear Elastic Material Property Set #3 : Elastic Modulus = 210 ksi;

Uncracked Koyna Laboratory Study

Sensitivity to Variation in Percent Critical Damping

Mesh#3

Modal Damping = (3.5%,5%,10%,38%,&88%) critical

Peak Displacements

Percent Critical Damping Varied

Material Density = 140 pcf

1.6 —
LVDT#4
1.4 —ﬁ::'__T________
- T e——
1.2 ——= :
@ ~ e
5 =
g, .
5 § 08 —
E 3 <
D =
3 7 05 hvoTEe—
= g
a = 5 — i
0.4 i
- LVDT#2 o R B —
0
0 20 40 80 100
Percent Critical Damping
Peak Displacements ( inches )

Percent Damping 35 5 10 38 88 LAB
LVDT#4 1.4E-03 1.4E-03 1.4E-03 1.3E-03 1.0E-03 7.8E-04
LVDT#3 5.3E-04 5.3E-04 5.2E-04 5.0E-04 4.1E-04 3.0E-04
LVDT#2 3.2E-04 3.2E-04 3.2E-04 3.0E-04 2.2E-04 1.8E-04

Figure hS8




Uncracked Koyna Laboratory Study
Sensitivity to Variation in Percent Critical Damping
Mesh#3
Modal Damping = (3.5%,5%,10%,38%,&88%) critical

Linear Elastic Material Property Set #4 : Elastic Modulus = 250 ksi; Material Density = 140 pctf

Peak Displacements

Parcent Critical Damping Varied
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0 20 40 80 80 100
Percent Critical Damping
Peak Displacements ( inches )

Percent Damping 3.5 5 10 38 88 LAB
LVDT#4 1.1E-03 1.1E-03 1.1E-03 1.1E-03 8.9E-04 7.8E-04
LVDT#3 4.3E-04 4.3E-04 4.3E-04 4.1E-04 3.6E-04 3.0E-04
LVDT#2 2.6E-04 2.6E-04 2.6E-04 2.5E-04 2.2E-04 1.8E-04

Figure h9
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ABAQUS

Mcdal Damping Factor
Varied 0 ‘sof

—= 3,58_176
— 58 _176
— 10%_176
----- -— 3B%_176
—— BBL_176
—— LaAB

Linear Elastic
Material Properties
STANDARD Apalyses
Uncracked Model
Acceleratien

at RCCEL#?

Elpstic Hofulus = 190 kel
Macariol Demslcy = 133 pot

PLlonamn s SHAKEN

B0, |- .

Towel Tiee « 379.75 to 180 sec .85 80 95

STE? TIHE
ABAQUS Hodal Dynamic Maslysse ve LADCTatory Heas.reoents

ABAQUS

Modal Damging Factor
Varie

3.5% 204

e 3B%_204

Lirnsar Elastic
Matarial Properties
STANDARD Analyses
Uncracked Model
Acceleration

at ACCELHG6

vatorinl Dessity = 133 pet
Elastic Modilus = 130 hui

FL Lacusee « SHRKEA

1
Toral Time , 379,73 10 160 sec a5 90
ABRGUS Hodal Dynamic Anal we L ¥ M 1y

ABAQUS

Modal Damping Factor
Varied 0

- 3.5%_491
—— 5% 491 0.
— 10% 451
e AB%_482
— 85%_491
—— LKB

Lipear Elastic
Material Properties
STANDARD Apnalyses
Uncracked Model
Accelexraticn

at ACCELfS

Eiwatle Modulus = 190 kal -40.
Hatorinl Demalty = 133 pet
FLLaznme s SHAREA

Foeal Time o 109,75 o 100 sez

L85 .90 .85
STEP TIME

ABROUT Modnl Dynomic Analysos va LADOIatory Heasuranonts

ABAQUS

Modal D ing Factor
var?gg E

3.5% 519
5% 519 20,
10%_519
38%_519
§8%_519
LAB

L

Lipesar Elastic
Material Properties
STANDARD Analyses
Upncracked Model
Icceleration

at ACCELiG

Elpatic Modulua = 190 ksi -40.
Hater:ial Deaslty = 133 pot
Filenane s SHAREA

Toral Time 1 375.75 to 363 mea 85

.90

ARRGUS Hodal Dynasic Aoalyson ve LAboraeory Heasdiamoobs

STEP TIME
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ABAQUS

Modal Damging ‘actor
Varie 80.f

—— 3.5%_176
5% 175

10%_ 176
38% 176
— BER_176
—— LAB

|

i
]

Linear Elastic
Material Properties
STANDARD Analyees
Uncracked Model
Acceleration

at LCCELH#T

Elastic Modulua = 200 ksi
Material Desplty = 140 pef

#llename: SHRAZA -80

Total Time s 279.75 to 200 oot .85 .80 .95

STEP TIME
ASAQUS Medal Dynamic Analysep ve Laboratory Measuremente

ABAQUS

Modal Damping Factor
Varie

—— 3.5%.204
5% 204
10%_20¢ 40,

3% _20¢
BER_204
LAB

Linear Elastic
Material Froperties
STANDARD Analyses
Uncracked Model
Acceleraticn

at ACCEL#E

Materiml Deselty = 140 pst

-4 0.

Elastic Modulus = 200 ksi

Fllanson: SHAKEML

foral Tizma ¢ 399,75 to 200 wec B5 .90 .95

STEP TIME
EHADUS Modal Dynamic Analyses v Lebofacory Measurements

ABAQUS

Modal quging Factor
Varie

3.5%_ 451
5%_491 40.F
10%_491
36%_491
B8%_451
LAB

L]

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model
Accelerxation

at ACCEL#S

Blostic Modulus = 200 kel -40.
Materinl Denslty = 140 pat
Fllcnnme: SHAKEA

1 i

Total Timo s 279.75 to 160 sec .85 .90 .85

STEP TIME
ADAQUS Modal Dynomic Analyses ve Laboratory Measurements

ABAQUS

Modal D ing Factor
Varied o

3.5%_519
5%_519 a0,
10%_51%
g 518
BEY_51%
LAB

[T

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Modesl
Boceleration

at ACCELf#4

Blestic Hodulus = 300 ksl -40,
Matoricl Deasity = 110 pef

Filenoses: SEAREA

L i

LS50 «95 1.00
STEP TIME

ABAQUS Modal Dynomic Annlynes va Lasozatory Heaburemenbs

To:al Time | 275.75 to 260 moc a5
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ABAQUS

Modal Damging Factor
Varie 80.1

----- - 1.5%_176
—— 5%_176

— 10%_176
— - 3B%_176 40
—— BB%_176
—— LAB

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Medel
heceleration

at ACCELE7

Elastic Modulue = 730 kel
Hazerinl Densibty = 140 pef
Fileonme : SHAKEA

0.

-40.

Tokal Time 1 279.75 to 280 wec .85 .ap .95 7Tl

STEP TIME
ABAQDE Modal Dynamlic Annlyses va Laboratery Measuresents

ABAQUS

Modal Da.mging Factor
Varlie

3.5%_ 204
5%_304

10%_204 40,
38% 204
BE%_204
LA

[T

Lipear Elastic
Material Propertias
STAWDARD Analyses
Uncracked Model
Acceleration

at ACCELH#E

Material Densiey = 140 pef

o

-40.

Elastic Modulus = 210 kal

Filenaae: EHAKER

Tozal Tise 1 175,75 to 260 ses .85 .90 .85 1.00

STEF TIME
ABAQUE Modal Dynamic Rnalysen va Laboratory Mespurenents

ABAQUS

Modal D ing Factor
Varieg 3

e 3,5%_491
—— 5%_491 20.
—— 108481
. 38% 491
—— 88%_491
—— LAR

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at ACCELH#S

Slastic Modulus = 210 ksl -40,

0.

Haterial Density = 140 pef

Filenume; SHAKER

1 I
Totzl Tima 1 273,75 wo 80 soc L85 .90 .95

STEP TIME
ABAQUS Modal Dynaslc Anolysos ve Laboritory Measutements

ABAQUS

Modal D ing Factor
Variﬂgg

~——— 3.5% 519
—— 5%_519 to.
— 10%_519
~—— 38%.519
—_— 8% _519
—— LAB

Linear Elastic
Material Properties L8
STANDARD Analyases
Uncrackad Model
heceleration

at ACCEL#4

Elastic Modulus = 210 kei -40.
Maztazial Density = 140 pef
Pilaname: SEAKEN

fatel Tiss « 279.75 ro 180 sec .85 .90 .95 1,00

STEP TIME
ABAQUS Modal Dynamic Analypes va Laboritory Measourcmonts
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ABAQUS

Modal Damping Factor

Varie BO. [

40,

Linear Elastic
Material Properties
STANDARD Analyses
Upcracked Model
Acceleration

at ACCEL#?

Elnstic Medulus = 250 kel

S

Materinl Denslty = 140 pof

Filepnme: BUAKER -80.F

Total Tise » ITE.TS o 0D sec BS

STEP TIME
REAQUE Modal Dynasic Analyser ve Laboratory Measurenents

.80 -85

ABAQUS

Modal Dam%in Factor
Varie 4

3.5% 204
58_204
10%_204 40.
38%_204
88%_204
LAB

[T

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

at ACCEL#6 -40.

Materisl Cenmity = 140 pef

0.+

Elastic Hodulus = 250 ksl

Pilennze: SEAKER

Total Tims } 37%.75 to 200 mac .85 .90

STEF TIME
ASAQUS Modal Dyneamic hnalyses va Leboratory Meipurements

ABAQUS

Modal D@mﬁing Factor
Varie

........ 3.5%_491
— 5% 451 &0.
— 0% 491
- 38%_391
—— BE%_t91
— 1AB

Lipear Elastic
Marerial Properties 2.
STANDARD Analyses
Uncracked Model
Acceleration

ak ACCEL#5

BElasclc Modulus = 2130 kel -40,
Huteriol Denslty = 181 pef
Pilencme: SHNKEA

' 8

Tokal Time ¢ 275.75 to 280 sec a5

L850
STEF TIME
ABAQUB Modal Dynaalc Analypes va Laboratery Hespuremests

ABAQUS

Modal Damping Factor
Varie

1.58 519
£%_519 i0.
10% 519
385 _519
88%_519
LAB

[T

Linear Elastic
Material Properties
STANDARD Analyses
Uncracked Model
Acceleration

ak ACCEL#4

Blastic Modulus = 250 kel -30.

Hoterial Density = 140 pef
Filenase: SEAEER

1

Totel Timo + 279.75 vo 180 sec a5 90

STEP TIME
AEAQUS Model Dynamic Analyses vs Leboritory Medguraaents

95
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Modal Damping

Comparison of Displacements
ABAQUS STANDARD
Modal Dynamic Analysis

Input Record SHAKEA
Elastic Modulus = 190 ksi
Density = 133.0 pcf

Mesh # 3

ABAQUS

Modal Damping

3.59 196 | [x10
59_196 1.4
105_196
30%_196
£BY_156
LABDL

[

Linear Elastic
Material Properties
STARNDARD Analyses
Uncracked Model
Displacement

at LVDTH4

.50 .32 .04 96

STEP TIME
ABRQUS HModsl Dynamic Analyses & Laboracory HAossuraasncs

Total Tisa  139.90 e 180 sec

1.00

ABAQUS

Modal Damping 4 . . T T

[x10)

— 1.5%.511
—— 5% 511
— 108 5.1
e 38% 511
88%_511
LABD3

Lipear Elastcic
Haterial Proparties
STANMDARD Axalysas
Upcracked Model
Displacement

at LVDTH#Z

1 L 1 1

T .92 T .95 _98
steE TIME

Totsl Time s ITF.NG Eo 100 esa

ABAQUS Hodol Oyoanle famlyscs & Laborotory Heasureaazis

ABAQUS

Modal Damping

<A
3.5% 519 -3
E vl IR E

1]
:

Linear Elastic ,
Haterial Properties
STANDARD Analyses
Uncrecked Modsl
hecelerxation

at LVDT#Z

1] .92 -394 .96

STEF TIME
ABAQUS Mode)l Dynamlc Analyscs & Laboracory Hoasuressoce

Total Tise ¢ 2170.%0 o 180 mec




CTY o2anbtd

ABAQUS

Koyna Laboratory Mcdel Study
Uncracked Model Study
Sensitivity Study

Variation of Modal Damping

Comparison of Displacement
ABAQUS STANDARD
Modal Dynamic Analysis

Input Record SHAKEA :
Elastic Modulus = 200 ksi [
Density = 140.0 pct 3
Mesh # 3

ABAQUS

Modal Damping

2.01 -
3.54 106 | (%2077}
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Uncracked Model
Displacemenk

at LVDTHS

.90 g2 -94 .96 .98 1.00
STEP TIME
ABAQUS Modal Dyneaslc Analyses & Loboratery Measurercnts

Total Tize 3 278.90 wo 290 sce
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Uncracked Koyna Laboratory Study
Sensitivity to Variation in Damping Method
Mesh#3
Modal Damping; Rayleigh Damping; Composite Damping
10 Percent of Critical Damping

Elastic Modulus = 210 ksi; Material Density = 138.2 pcf

Peak Accelerations
Damping Method Varied
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Figure hl8




Uncracked Koyna Laboratory Study
Sensitivity to Variation in Damping Method

Mesh#3

Modal Damping; Rayleigh Damping; Composite Damping
10 Percent of Critical Damping

Elastic Modulus = 210 ksi;
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Figure hl9
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Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Damping Method
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Uncracked Koyna Laboratory Study

Direct Integration Dynamic Analysis

Sensitivity to Variation in Direct Time Step Parameter

Elastic Modulus = 210 ksi;

Mesh#3

Material Density = 140 pcf

Peak Accelerations

Direct Time Step Parameter Varied
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Figure il




Elastic Modulus = 210 ksi;

Uncracked Koyna Laboratory Study

Direct Integration Dynamic Analysis
Sensitivity to Variation in Direct Time Increment Parameter

Mesh#3

Material Density = 140 pcf

Peak Displacements

Direct Time Step Parameter Varied
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Figure i2
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Uncracked Koyna Laboratory Study
Direct Integration Dynamic Analysis

Sensitivity to Variation in Haftol Parameter
Mesh#3

Elastic Modulus = 210 ksi; Material Density = 140 pcf

Peak Accelerations

Haftol Parameter Varied
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Figure 1i5




Uncracked Koyna Laboratory Study

Direct Integration Dynamic Analysis

Sensitivity to Variation in Haftol Parameter

Elastic Modulus = 210 ksi;

Mesh#3

Peak Displacements

Haftol Parameter Varied
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Koyna Laboratory Model Study
Uncracked Model Study
Sensitivity Study

Variation of Haftol Parameter

Comparison of Displacements
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Uncracked Koyna Laboratory Study
Sensitivity to Variation Analysis Method

Mesh#3

Modal Analysis Methods
Direct Integration using Haftol Parameter = 5
Direct Integration using Direct time Step = .003 sec
Modal Analysis

10 Percent of Critical Damping
Elastic Modulus = 210 ksi;

Material Density = 139 pcf

Peak Accelerations
Analysis Method Varied
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Figure jl



Uncracked Koyna Laboratory Study

Sensitivity to Variation Analysis Method

Elastic Modulus = 210 ksi;

Mesh#3

Modal Analysis Methods
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Sensitivity Study
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Comparison of Displacements
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Koyna Laboratory Model Study
Uncracked Model Study

Determination of Mesh Sensitivity
Non-linear Material Propertys

Failure Stress = 55 psi

Mode I Fracture Energy = 0.2012

Crack Opening Strain = .001375

Explicit Analysis
with Mesh #3
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Cracking Initiated
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Cracking Pattern
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Cracking Pattern
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Koyna Laboratory Model Study
Uncracked Model Study

Determination of Mesh Sensitivity
Non-linear Material Propertys

Failure Stress = 55 psi

Mode I Fracture Energy = 0.2012

Crack Opening Strain = .001375

Explicit Analysis
with Mesh #5

ABAQUS

Cracking Initiated
at 407.6 sec
Input Record SHAKEB
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Cracking Pattern
at 407.7 sec
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Cracking Pattern
at 407.75 sec
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ABAQUS

Koyna Laboratory Model Study
Uncracked Model Study

Determination of Mesh Sensitivity
Non-linear Material Propertys

Failure Stress = 55 psi

Mode I Fracture Energy = 0.2012

Crack Opening Strain = .001375

Explicit Analysis
with Mesh #1

ABAQUS

Cracking Initiated
at 206.8 sec
Input Record SHAKEB
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Cracking Pattern
at 208 sec
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Cracking Pattern
at 210.5 sec
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Koyna Laboratory Mcdel Study
Uncracked Model Study

Determination of Mesh Sensitivity

Non-linear Material Propertys
Failure Stress = 55 psi

Mode I Fracture Energy = 0.2012
Crack Opening Strain = .001375
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